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Volcanic eruptions can occur with little or no warning and explosively inject 
dense ash and sulfur dioxide (SO2) clouds high into the atmosphere. I investigated 
different types of observations and analysis methods used to monitor and quantify 
volcanic ash and SO2 clouds.  I begin with an analysis of the 2010 eruption of 
Eyjafjallajökull, employing ash cloud transport modeling capabilities I developed for 
the Goddard Earth Observing System, Version 5 (GEOS-5).  The emission source 
terms describing the initial state of the Eyjafjallajökull ash clouds were estimated 
using radar observations of the ash cloud’s initial injection altitude.  Results of the 
initial simulations agreed with operational ash forecasts from the time of the eruption 
and with many other published studies, but showed notable disagreement with 
 
satellite observations.  The emission source term was estimated using an alternative 
approach, yielding simulations that better matched satellite observations.  I used the 
result to highlight limitations of radar observations not accounted for in previous 
studies of the Eyjafjallajökull ash clouds.   
UV satellite observations are often used to monitor and quantify volcanic 
clouds of ash and SO2.  I tested the limitations of the OMPS SO2 satellite 
observations using an Observing System Simulation Experiment (OSSE).  The 
framework used GEOS-5 simulations of the atmospheric composition in the wake of 
a Pinatubo-like volcanic eruption to generate synthetic top-of-the-atmosphere (TOA) 
radiances.  The TOA radiances served as input to the OMPS SO2 retrieval.  In 
comparing the OMPS retrieval SO2 to the original GEOS-5 SO2, I found that the 
sulfate aerosols and ash can cause the OMPS SO2 retrieval to underestimate the total 
SO2 burden.  These effects were amplified at increased satellite viewing angles. 
I finish my analysis by looking at observations from the satellite-based Cloud-
Aerosol Transport System (CATS), where I show that even under the time constraints 
of an operational forecast, the available CATS observations were able to improve 
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With little or no warning, volcanoes can explosively erupt towering plumes of ash 
and sulfur dioxide (SO2) high into the atmosphere.  Walls of hot ash, rocks, and lava 
cause destruction near volcanic eruptions, but erupted volcanic plumes can be 
entrained into upper atmospheric winds and transported long distances.  As a result, 
volcanic eruptions are not merely a regional danger, but a global hazard.   
    Volcanic ash clouds pose an immediate threat to aviation.  One of the first major 
aviation incidents involving volcanic ash occurred over Indonesia in 1982.  While en 
route in Auckland, New Zealand, British Airways Flight 9, a 747 aircraft, experienced 
a sudden surging and flame out its jet engines, and within minutes all four engines 
had failed [Job, 1994].  The captain and crew had unknowingly flown directly into a 
volcanic ash cloud that erupted from Mount Galunggung.  Volcanic ash built up in 
the jet engines, causing extinction of the flame in the engine’s combustion chamber 
[BBC, 2010].  The 747 glided for 12 minutes, descending nearly 7 km, before one of 
the engines was successfully restarted [Job, 1994].  Fortunately, while the airplane 
was descending, volcanic ash embedded in the engines re-solidified and chipped 
away, allowing the airflow needed to restart the engines [BBC, 2010].  Shortly after, 
the remaining engines could also be restarted allowing for an emergency landing at 
the Jakarta Airport [Job, 1994].  Years later, in 1989, an ash cloud from Alaska’s 
Mount Redoubt volcano would cause a remarkably similar incident to occur with 




    Both the 1982 and 1989 airplane ash incidents highlight the dangers that volcanic 
ash poses on aviation safety.  When ash is entrained into jet engines, the internal 
engine heat can cause the ash to melt and re-solidify and block airflow.  In particular, 
deposition of molten volcanic ash on the high-pressure turbine nozzle guide vanes 
alters internal pressures that can lead to a disruption of air flow to the compressor, or 
surging, and extinction of the flame in the compression chamber, flameout [Dunn and 
Wade, 1994].  Beyond engine damage, volcanic ash has the effect of sandblasting 
forward facing parts of the plane, reducing visibility in the cockpit windshield, and 
causes widespread damage to the airplanes sensors [Campbell, 1994; Casadevall et 
al., 1996]. 
    The roles of detecting, tracking and forecasting volcanic ash clouds are the 
responsibility of the international collection of Volcanic Ash Advisory Centers 
(VAACs).  By 1997, the International Civil Aviation Organization (ICAO) had 
established nine VAACs, designating geographic areas of responsibility for each 
VAAC, collectively providing near-global coverage.  The current VAAC “area of 
responsibility” map is shown in Figure 1.1.  The VAACs produce Volcanic Ash 
Advisories (VAAs) that note details about volcanic eruptions and make estimates of 
the extent of volcanic ash in the atmosphere.  A sample VAA is shown in Figure 1.2. 
VAAs provide estimates of air mass regions contaminated by volcanic ash at present, 
and show regions where ash contamination is forecasted, at 6-hour intervals for up to 





Figure 1.1 The current Volcanic Ash Advisory Centers areas of responsibility.  
The black outlines contour the 9 VAAC areas: Anchorage, Montreal, London, 
Tokyo, Toulouse, Washington, Darwin, Wellington and Buenos Aires.  The smaller 
blue contours outline flight information regions (FIRs). 
 
    From 1953 to 2009, there were a total 94 confirmed incidents of airplanes flying 
through ash clouds [Guffanti et al. 2010]. Of the 94 incidents, 74 were classified as 
having, at minimum, airframe and/or engine damage, with 9 incidents reporting 
engine failure [Guffanti et al. 2010].  Fortunately, all of these documented incidents 





Figure 1.2  VAAC Volcanic Ash Advisory (VAA) for Mexico’s Popocatepetl 
Volcano.  The top left panel represents the current estimate of ash-contaminated 
air.  Forecasts for 08:00Z, 14:00Z, and 20:00Z are shown in the upper right, lower 
left and lower right panels, respectively.  The text below the panels details notes on 
the volcanic eruption and data used to construct the VAA. 
 
    On April 14th 2010, the Icelandic volcano Eyjafjallajökull began a nearly month-
long eruption that intermittently erupted ash clouds that spread across Europe.  The 
Eyjafjallajökull ash clouds led to prolonged flight cancellations and widespread 
disruptions to the airline industry’s economy and personal travel.   The ash clouds 
Eyjafjallajökull spewed into the atmosphere halted flights across Europe and left 
travelers stranded worldwide. Within just the first week of the eruption the aviation 




airports scrambled to reroute planes around the ash clouds.  A total of 108,000 flights 
were cancelled during the first week of the eruption [Alexander, 2013].  The mass 
flight cancellations received strong criticism from the public and airline companies 
over the no-fly ash avoidance standard used by the VAAC [EU Business, 2010].  By 
May 10th, the ICAO had revised the ash avoidance policy towards an ash tolerance 
policy based on regions of “low”, “medium” and “high” ash contamination [ICAO, 
2010.  The ash tolerances were defined as regions with volcanic ash air mass 
concentrations of:  < 2 mg (low), > 2 mg < 4 mg (medium), and > 4 mg (high) and 
allowed different flight restrictions depending on the hazard level [Prata and Rose, 
2015].  The FAA still operates under the ash avoidance guideline.  
    Volcanically erupted ash clouds typically settle out of the atmosphere within 
several days, however the injection of volcanic SO2 into the upper troposphere and 
lower stratosphere (UTLS) leads to the oxidation of SO2 to sulfate aerosols. Sulfate 
aerosols persist in the stratosphere for months to years, producing a net global surface 
cooling effect and altering atmospheric circulations [Robock, 2000; Aquila et al. 
2012].  However, the magnitude of global surface cooling due to large volcanic 
eruptions is in question [Canty, et al. 2013].  Quantifying the influence of volcanic 
sulfate aerosol clouds on global climate requires an understanding of both the total 
amount of SO2 emitted and the altitude of injection.  Inaccurate estimates of either of 
these parameters can lead to under or over estimation of the effects of volcanic 
eruptions on climate.  
    In order to produce accurate simulations and forecasts of volcanic ash and SO2, 




conditions, or source terms, used to initialize the volcanic clouds within the transport 
model.  Volcanic ash and SO2 source terms can vary depending on the type of model 
used, but generally include: volcanic ash/SO2 mass flux, eruption duration, ash/SO2 
plume maximum altitude, and ash/SO2 plume thickness.  Source terms are rarely 
observed directly, and frequently estimated based on indirect observations.   
Changing Europe’s aviation guidance from ash avoidance to ash tolerance requires 
the VAAC to produce more quantitative ash forecasts.  Similarly, better source terms 
would better quantify the role of volcanic eruption of SO2 in climate. These needs 
place greater demand on the scientific community to build more accurate volcanic ash 
and SO2 models, develop more accurate and robust observational capabilities, and 
better fuse observations with models.  
 
1.2 Outline of Research 
 
  For both aviation and climate concerns, modeling the SO2 and ash clouds 
from explosive volcanic eruptions requires knowledge of the emission source terms. 
Inaccuracies in any of these parameters can result in simulations that drastically 
deviate from observations.  This dissertation focuses on the simulation 
of volcanic ash and SO2 clouds, with emphasis on steps needed to construct accurate 
simulations.  This works will address the following questions:   
1. How well can we forecast the transport of volcanic ash and SO2 clouds? 
2. What are the biases and limitations of volcanic cloud observations?  What 
assumptions are being made? 





    This research begins by modeling a volcanic eruption that is perhaps the most 
consequential in recent history, the 2010 eruption of Eyjafjallajökull.  The 
Eyjafjallajökull eruption has been thoroughly described by a wide number of 
modeling and observational studies, and was initially chosen to serve as a test-bed for 
our ash modeling development.  After an initial analysis this eruption, I found that 
different observations seemed to tell conflicting stories.  A more critical analysis of 
the observations revealed the specific assumptions responsible for producing errors in 
both our ash simulations and simulations published in numerous other studies.  The 
methods and results of this study are presented in Chapter 3.  
The next chapter focuses more directly on the uncertainty and limitations of 
the volcanic cloud observations and source term analysis.  Using the framework of an 
Observing System Simulation Experiment (OSSE), chemical transport 
and radiative transfer models are used simulate a fictional volcanic eruption and then 
construct synthetic inputs to satellite retrievals.  By controlling the inputs to the 
satellite retrieval, I quantify how the retrieval responds to aerosols in the volcanic 
plume.  The synthetic satellite observations are also used to estimate the volcanic 
eruption source terms, which I compare to the actual source terms used to construct 
the model simulations. 
In the final analysis chapter, focus shifts towards newer satellite instruments 
that can provide direct observations of the altitude and thickness of volcanic clouds of 
ash and sulfate aerosols.  The volcanic cloud aerosol profiles are compared to model 




greatly improve forecasts of volcanic clouds.  I explore the operational capacity of 
these instruments, with an eye toward the importance of the observation timing and 
production latency when used to construct near-realtime forecasts.  The results of this 
study are published in Hughes et al. [2016]. 
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Chapter 2:  Volcanic Plumes and Clouds: Observations, 
Models and Analysis 
 
 This chapter serves to establish the scope of my investigation of volcanic 
eruptions.  The chapter begins with a description of volcanic plumes and clouds in 
general, to establish exactly what is being studied and note importation definitions.  
This is followed by a description of the models used to simulate and forecast the 
transport of volcanic ash and SO2 clouds.  Next, the various satellite instruments and 
data products that help monitor ash and SO2 clouds are presented.  The chapter ends 
with a summary of analysis methods that jointly use both observations and models to 
produce more accurate simulations of volcanic ash and SO2 clouds.   
This chapter does not cover all instruments and models used in this 
dissertation, but presents a basic overview of the models and instruments that occur 
frequently throughout this work.  Other instruments and models less prominently used 
are presented within each accompanying case study. 
 
2.1 Volcanic Plumes and Volcanic Clouds 
 
The structure of a volcanic plume is driven by the dynamics of the volcano 
and the ambient atmosphere.  A volcanic plume from the 2015 eruption of Calbuco is 
shown in Figure 2.1, where the explosive eruption propelled the plume upwards of 20 





Figure 2.1 A volcanic plume from the 2015 eruption of the Chilean volcano, 
Calbuco.  The photograph was taken on April 22nd 2015 from Puerto Varas, Chile.  
Photo taken by Wikimedia Commons user Aeveraal, republished here under a 
Creative Commons license.  
 
Explosive pressures from volcanic eruptions are the initial driving force of 
volcanic plumes, composed of a mixture of rocks, ash and gases.  As these plumes are 
expelled into the atmosphere, ambient air is entrained into the plume with the effect 
of reducing its density.  If the plume remains denser then air (although hot, it may 
contain high concentrations of relatively dense CO2), it will collapse, falling back 
down to the Earth’s surface and flowing radially away from the volcano [Sparks, 
1986].  This scenario results in the rapid spread of pyroclastic flows, highly 
destructive walls of hot ash that travel along terrain and away from the volcano. 




dense then the surrounding atmosphere, where buoyant forces then propel the plume 
high into the atmosphere.  The plume ascends until reaching the level of neutral 
buoyancy, where the plume’s density equals that of surrounding air, though 
momentum can cause the part of the plume to overshoot this level.  The plume will 
begin to spread radially at the neutral buoyancy level, forming an umbrella cloud.      
The composition of a volcanic plume varies from volcano to volcano, but 
generally consists of tephra, aerosols, and various gases.  Tephra is an umbrella term, 
used to describe all fragmented material ejected from volcanic eruptions, consisting 
of everything from boulders to dust-like aerosols.  Tephra particles smaller than 2 mm 
are classified as volcanic ash.  The composition of volcanic ash varies across different 
eruptions, but is typically composed of: pumice fragments, volcanic glass shards, 
crystals, mineral, and/or other rock fragments, with densities that range from 700-
3,200 kg/m3 [Shipley and Sarna-Wojcicki, 1982].  Sulfur dioxide, SO2, is considered 
the most important gas from volcanic eruptions due to its climate impacts [Robock, 
2000].  Although greater masses of H2O(v), N2, and CO2 are present in a volcanic 
plume, the ratio of emitted volume with respect to the atmospheric background is 
greatest for SO2 [Robock, 2000].  
After the initial eruption and subsequent lofting into the atmosphere, volcanic 
plumes become entrained into the atmosphere’s general circulation by upper level 
winds. When no longer attached to the volcano, volcanic plumes are referred to as 
volcanic clouds. Volcanic clouds typically consist of SO2, sulfate aerosols, and fine 
ash, as coarser ash is quickly removed via gravitational settling.  Typically, fine ash is 




2009].  While modeling coarse ash is important when trying to estimate regional ash 
fallout around a volcano, the focus in this work is primarily on ash clouds that have 
the potential to be transported far (> 1,000 km) away from their volcanic source.     
As noted previously, volcanic ash typically settles out of volcanic clouds 
within days to weeks [Niemeier et al. 2009].  The primarily pathway for the removal 
of volcanic SO2 is through oxidation to sulfate aerosols, with a typical lifetime of 
about 3 days in the troposphere [Stevenson et al. 2003].  Volcanic SO2 is oxidized to 
sulfate aerosols through either in-air reaction with hydroxyl radicals (E 1.1) or in-
cloud reaction with (E 1.2) with hydrogen peroxide.  Dry deposition of SO2 to the 
earth’s surface is another removal mechanism that typically accounts for nearly half 
of SO2 removal from the atmosphere [Chin et al. 2000].  However, volcanoes 
typically inject SO2 into much higher altitudes than anthropogenic SO2 sources, 
making SO2 removal through oxidation to sulfate aerosols more likely [Stevenson et 
al. 2003].  The lifetime of sulfate aerosols ultimately depends on their placement in 
the atmosphere. In the troposphere, sulfate aerosols from volcanic clouds are removed 
by wet and dry deposition, lending them to a relatively short lifetime (days to weeks) 
[Robock, 2000].  In the stratosphere, the relative stability and dryness of the air limit 
sulfate aerosol removal to slower sedimentation and downward transport.  Volcanic 
eruptions that inject volcanic gases into the stratosphere produce sulfate aerosols with 
lifetimes on the order of months to years [Robock, 2000]. 
𝑆𝑂$ + 𝑂𝐻(𝑔)	(+	𝑂$ + 𝐻$𝑂) = 𝐻$𝑆𝑂, + 𝐻𝑂$              (E 2.1) 





The long-term fate of sulfate aerosols and their impact on the climate is 
acknowledged as an area of study that could benefit from the work presented here, 
but is not directly considered in this dissertation.  In this body of work, my primary 
focus is directed at modeling and observing volcanic clouds composed of ash, sulfate 
aerosols and SO2 on time scales of days to weeks following an eruption.    
   
2.2 Volcanic Plumes and Volcanic Clouds: Modeling  
 
How we choose to model volcanic plumes and clouds ultimately depends on 
the goal of the experiment.  Fluid dynamics models have been developed to simulate 
the complex 3-D structure of volcanic plumes to better understand the effects of 
ambient air entrainment on volcanic plume structures [e.g. Suzuki et al. 2005].  These 
models yield detailed simulations of the vertical structure of volcanic plumes, and the 
umbrella clouds that they form.  Earlier studies developed simpler 1-D models of 
volcanic plumes [Bursik 2001], to study the role atmospheric winds on the rise of 
volcanic plumes and their vertical distribution.  When modeling volcanic clouds and 
their downwind transport, detailed volcanic plume models are often replaced by 
assumptions of the plume’s initial vertical distribution, as done in Folch et al. [2011], 
Matthias et al. [2011], Aquila et al. [2012], Webley et al. [2012] and Webster et al. 
[2012].  In this work, I follow the convention of either assuming an initial vertical 
distribution of volcanic ash and SO2 or estimating it from observations, as done in 
Hughes et al. [2012].    
Numerous dispersion and chemical transport models have been developed to 




model frameworks.  A report by Bonadonna et al. [2012] presents a full list of the 
various ash dispersion models currently in use, highlighting the variety of models and 
model types available.  For example, the Washington D.C. VAAC primarily uses the 
Hybrid model HYSPLIT, while the Anchorage and London VAACs use the 
Lagrangian models PUFF and NAMES, respectively. This work uses NASA’s state 
of the art global Goddard Earth Observing System, version 5 (GEOS-5) [Suarez et al., 
2008] Eulerian Earth System model, which includes atmospheric circulation and 
composition, as well as land and ocean characterization.  The structure of the GEOS-
5 model is shown in Figure 2.. 
 
 
Figure 2.2 The GEOS-5 Model.  The various components of the GEOS-5 model 
are represented in blue, with the specific modules for each component listed in 
orange.  The components of GEOS-5 are integrated using the Earth System 
Modeling Framework (ESMF).  The GOCART module within the Aerosol 





GEOS-5 has 72 vertical layers between the surface and roughly 80 km, and 
can be run at various horizontal resolutions.  The hybrid-sigma vertical coordinate 
system is used in GEOS-5, where the near-surface vertical layers conform to terrain 
until eventually blending into pressure coordinates at 180 hPa.  GEOS-5 can be setup 
in the following modes: forecast mode, data assimilation mode, or replay mode.  In 
forecast mode, the model is initialized with meteorological fields and further 
dynamics are computed, or forecast, from the initial conditions.  Data assimilation is 
similar to the forecast mode, but includes a data assimilation analysis step to evaluate 
and correct the state of the model meteorology.  In replay mode, the model 
meteorology is updated at temporal intervals using archived meteorology, typically 
from the Modern Era Retrospective analysis for Research and Applications 
(MERRA) [Rienecker et al., 2011] reanalysis or its successor MERRA-2 [Gelaro et 
al., 2017].  
The GEOS-5 model is capable of adjusting the meteorological fields based on 
the radiative properties of simulated aerosols, referred to as running “online”.  When 
GEOS-5 is run online the optical properties of aerosols are used to compute the 
effects of radiative heating, which are then applied to the simulation meteorology 
during the model run.  In “offline” mode, the aerosols act like passive tracers that do 
not affect the meteorological fields.  Running GEOS-5 online should yield the 
advantage of a more realistic representation of aerosol transport.  
Aerosols are modeled in GEOS-5 using the internal online Goddard 




Colarco et al., 2010], shown in Figure 2..  GOCART is equipped to model dust, black 
carbon, organic carbon, sea salt, and sulfate aerosols.  GOCART transports aerosol 
and chemical species by advection, convection, and turbulent mixing processes.  
Advection is computed by a flux-form semi-Lagrangian method [Lin and Rood, 1996] 
and archived cloud mass flux fields are used to parameterize the moist 
convection.  Turbulent mixing due to buoyancy and mechanical shear is 
approximated by eddy diffusion. 
To study volcanic SO2 and ash clouds, the sulfate aerosol and dust modeling 
capabilities are used.  The GOCART sulfate species include dimethyl sulfate (DMS), 
methanesulfonic acid (MSA), sulfur dioxide (SO2), and sulfate aerosols.  DMS is a 
naturally occurring byproduct of marine phytoplankton. MSA is a product of DMS 
oxidation and is lost through deposition.  The flux of DMS into the atmosphere is 
modeled through ocean-air interactions, using a parameterization based on sea-
surface wind speeds [Liss and Merlivat, 1986].  The DMS parameterization utilizes a 
climatology of monthly oceanic DMS concentrations [Kettle et al. 1999].  Only a 
small fraction of SO2 is produced from the oxidation of DMS, with most SO2 
produced from anthropogenic sources like fossil fuel combustion [US EPA, 2018].  
All non-volcanic SO2 sources are removed when modeling volcanic eruptions, 
leaving only the prescribed volcanic SO2 emissions. SO2 removal is modeled through 
wet and dry deposition, and by aqueous and gas phase oxidation into sulfate 
aerosols.  GOCART sulfur species are oxidized using monthly climatological fields 
of hydrogen peroxide (H2O2), hydroxyl (OH), and nitrite (NO3).  These oxidant fields 




[Strahan and Douglas, 2004; Duncan et al., 2007].  When modeling volcanic 
eruptions, sulfate production is primarily driven by aqueous and gas phase oxidation 
of SO2, by H2O2 and OH respectively [Chin et al. 2000]. 
            GOCART models dust through a sectional approach, allowing for different 
density and size distributions to be simulated.  Dust is removed from the model 
through gravitational settling and wet and dry deposition.  The application of the 
GOCART dust module for modeling volcanic ash is further detailed in Chapter 3.  
            The GOCART module requires the following volcanic eruption source terms 
in order to simulate the transport of a volcanic SO2 and ash: eruption timing/duration, 
the SO2 and ash flux (emission) rates, and the injection altitude profile.  Note that 
modeling ash also requires estimates of the size distributions, density distributions 
and other optical properties. Using this information, an SO2 or ash emission flux is 
imposed in vertical model grid boxes above the volcano, at altitudes that correspond 
to the injection altitude profile.  The GOCART module then simulates the subsequent 
transport of the ash and SO2 masses.  
 
2.3 Volcanic Plumes and Volcanic Clouds: Observations 
 
Satellite-based instruments provide various types of observations that give 
different perspectives of volcanic ash and SO2 clouds.  Satellites can measure a 
volcanic cloud’s horizontal extent, total mass loading (SO2 and ash), cloud top 
altitude, profiles of the cloud thickness, and in some cases derive the ash effective 
particle size [Bonadonna et al. 2012].  With the variety of satellite observations also 




whether geostationary or polar-orbiting, can provide more or less frequent 
observations and different areas of observational coverage.  Furthermore, instruments 
designed to measure in the UV, visible, or IR spectrum carry different benefits and 
drawbacks.  For example, UV and visible instruments only make observations during 
the daylight part of the satellite orbit, unlike IR instruments.  IR instruments have 
trouble observing into the mid-to-lower troposphere due to interference with water 
vapor [Prata and Kerkmann, 2007b].  These advantages and disadvantages for 
volcanic ash observations are further outlined in Table 2.1, with most listed issues 
also extending to SO2 observations. 
 
Table 2.1 Ash Satellite Observations: Advantages and Disadvantages.  This table 
considers both UV and IR observations from both polar orbiting (Polar) satellites and 
geostationary (Geo) satellites.  Adapted from a slide by Dr. Arlin Krueger. 
 UV Sensors – Polar IR Sensors - Polar/Geo 
Measurement 
Technique (Ash) 
320- 380 nm difference from 
Rayleigh spectrum 
  
10 – 12 nm BTD - Split Window 
  
Advantages 
+ Effective over land or sea 
+ Can be calculated in the 
presence of clouds 
  
+ Day and Night Times 
+ Operational Satellites 
+ Geo: High spatial and temporal res.  
  
Disadvantages 
- Daytime only 
- Smoke and dust have same 
signature   
- Longer latency time 
  
- Misses detections due to water vapor 
interference and cold clouds – false 
alarms. 




  Collectively, satellite observations can help provide a detailed understanding 
of volcanic clouds, vital to monitoring their transport.  This section contains an 




Details of other observations used in individual studies are provided in the case 
study’s respective chapter.    
 
2.3.1 Satellite UV Observations 
 
Backscatter ultraviolet (BUV) satellite observations have been used to 
monitor volcanic eruptions since 1979, starting with the Total Ozone Monitoring 
System (TOMS) [McPeters et al. 1998].  TOMS went through several generations 
before the Ozone Monitoring Instrument (OMI), launched in 2004, ultimately 
replaced it.  OMI is a downward looking push-broom UV spectrometer [Levelt et al., 
2006] onboard the polar-orbit Aura satellite.  OMI images a swath comprised of scan-
lines 2,600 km in width (perpendicular to the satellite travelling direction) and 13 km 
in length (parallel to the satellite travelling directions).  An example of an OMI swath 
is shown Figure 2.3a. Each scan line is broken up into 60 “cross-track” pixels, with 
nadir having a higher spatial resolution than those closer the edge of the swath.  For 
example, at nadir an OMI pixel has a resolution of 24 km x 13 km, while at the swath 
edge the resolution is 128 km x 13 km.  The daylight part of OMI’s polar orbit creates 





Figure 2.3 OMI Observations of the 2010 Eyjafjallajökull Eruption.  A full 
OMI swath of SO2 observations is shown in (a).  A zoomed in view of the OMI 
swath is shown in (b) and (c), for SO2 and Aerosol Index (see E 2.4) respectively.  
The dark brown vertical strips through the Aerosol Index in (c) represents the row 
anomaly that is filtered out of the OMI swath.  The anomalous observations are 
similarly filtered out of the SO2 observations (b), but not shown. 
 
OMI measures the BUV radiance from reflected sunlight in the 270 nm - 500 
nm wavelength range. OMI observations are used to derive SO2 vertical column 
density maps in Dobson Units (1 DU= 2.69*1016 molecules SO2 cm-2) and Aerosol 
Index (AI).  An example of these observations is shown in Figure 2.3b and c, for the 




BUV SO2 retrieval algorithms generally take advantage of the particular SO2 
absorption sensitivity in the 310 to 340 nm region, shown in Figure 2.4. Atmospheric 
SO2 is retrieved from satellite BUV observations by relating the magnitude of the SO2 
absorption observed at the top of the atmosphere (TOA) to the density of SO2 in the 
column of the atmosphere being observed.  A radiative transfer model (RTM) 
simulates the BUV radiance at the top of the atmosphere, or simply BUV TOA 
radiance, by modeling the transfer of electromagnetic radiation through the 
atmosphere.  An RTM can simulate many possible BUV TOA radiances by varying 
the assumed SO2 column densities.  The actual SO2 column density is then estimated 
by finding the particular SO2 column density that minimizes the difference between 








Figure 2.4 SO2 and O3 absorption in the UV.  The absorption coefficients (a) for 
SO2 and O3 are shown, as well as the ratio of SO2 to O3 (r).  The arrows indicate 
the wavelength channels used in the OMI O3 retrieval, OMTO3.  Source [Yang et 
al. 2007] 
 
OMI SO2 products have been generated using different retrieval algorithms 
across the instrument’s lifetime.  Initially, the SO2 products were derived using the 
Band-Residual Difference (BRD) algorithm [Krotkov et al. 2006].  The BRD 
algorithm uses wavelength band pairs to measure the magnitude of the SO2 
absorption at wavelengths sensitive to the SO2 column.  The band pairs consist of a 
wavelength band centered on a SO2 absorption maximum and another centered-on a 
nearby SO2 absorption minimum, with their difference yielding the SO2 absorption 
magnitude.  The algorithm solves the RTM finding an input SO2 column density that 
minimizes the residual.  At larger SO2 column masses, the BRD algorithm becomes 




responses to increases in SO2 [Yang et al. 2007].  The OMI SO2 algorithm was 
updated to use the Linear Fit algorithm of Yang et al. [2007].  The Linear Fit (LF) 
algorithm provided better estimates of large SO2 columns since it could use longer 
wavelengths (> 320nm), where the SO2 absorption was weaker, but yields a more 
linear response to changes in the SO2 column density [Yang et al., 2007].  The LF 
algorithm differs from the BRD algorithm by using the measured TOA radiance, at 
various wavelengths, to simultaneously estimate the vertical columns of O3, SO2 and 
the surface reflectivity.  The algorithm works by trying to minimize the residuals 
using a RTM conditioned on vertical column O3, SO2, and reflectivity.  Namely:  
𝐼0 = 𝐼(Ω, Ξ, 𝑅) + 	𝜀               (E 2.3) 
where Im represents the measured TOA radiance and I is the modeled TOA radiance 
given the vertical columns of ozone (Ω), SO2 (Ξ), and reflectivity (R).  The error is 
represented as 𝜀.  The radiances are computed in terms of the N-value, N = -100 
log10I, with the modeled TOA radiance N-value defined as the sum of the TOA 
radiance from the individual variables: Ω, Ξ, and R.  The algorithm then becomes a 
minimization problem, where residuals are minimized to yield the best fit between the 
residuals across all variables and for all wavelength bands used in the algorithm.  
    The current OMI SO2 data archive has been reprocessed to use the principal 
component analysis (PCA) algorithm by Li et al. [2013] to derive column SO2 
observations.  The PCA is, in general, a method of reducing the dimensionality of a 
data set by converting possibly correlated observations into a set of linearly 
uncorrelated observations, or Principle Components (PCs).  Li et al [2013] applied 




effects and processes that the radiance spectrum describes.  When applied to a 
radiance spectrum measuring an SO2 free atmosphere, the main PCs describe 
geophysical effects, like O3 absorption and rotational Raman Scattering, and 
instrument effects like dark current variations [Li et al., 2013].  The PCA algorithm 
works by assuming that the observed BUV radiance spectrum can then be described 
as a combination of the SO2-free PCs and the pre-calculated SO2 residuals.  The PCs 
and the SO2 residuals are fit to the observed BUV irradiance spectrum, where the SO2 
residual that provides the best fit describes the total column SO2 density.  
All of the previously mentioned SO2 retrieval algorithms exploit the 
sensitivity of the SO2 vertical column density on the SO2 absorption observed at the 
TOA radiance, however, the TOA radiance is also sensitive to the altitude of 
SO2.  The atmosphere attenuates the measured SO2 signal, so an SO2 cloud near the 
earth’s surface will have a much weaker measured absorption then an identical SO2 
clouds much higher in the atmosphere, closer the satellite.  Since the vertical structure 
of the SO2 cloud is unknown, it must be assumed in order to derive the total column 
SO2 density.  Both current and past algorithms have generated SO2 products for 
different assumed vertical SO2 profiles.  There are currently four SO2 products being 
generated: SO2 PBL (Pressure Boundary Layer), SO2 TRL (Tropospheric, Lower), 
SO2 TRM (Tropospheric, Middle), and SO2 STL (Stratospheric, Lower).  The SO2 
PBL was chosen to represent the vertical profile of air pollution and assumes a center 
of mass altitude (CMA) of about 1 km.  The TRL, TRM, STL SO2 products were 




volcanic eruptions (CMA = 8km) and large volcanic eruptions (CMA=18km), 
respectively [Li et al., 2017].  
The Aerosol Index (AI), or Absorbing Aerosol Index, describes the ratio of 
the measured radiance to the radiance expected from molecular (Rayleigh-only) 
scattering atmosphere [Torres et al., 1998].  The AI is defined as: 
𝐴𝐼 = 100	𝑙𝑜𝑔;< =
>?@ABCDE
>?@AFDGH
I                        (E 2.4) 
where 𝐼J,<KLMN represents the measured radiance at 340nm and 𝐼J,<OMPQ is the radiance at 
340nm calculated for a Rayleigh-only atmosphere (and spectrally flat lambertian 
effective reflectivity derived by matching calculated and measured radiances at 
380nm).  A positive AI indicates the presence of absorbing aerosols, such as dust and 
volcanic ash (above ~1500 m altitude), whereas near-zero AI indicates large non-
absorbing aerosol particles or no aerosols at all [Torres et al. 2007].  The AI has 
proven itself a useful tool to aid in monitoring volcanic ash clouds [Krotkov et al., 
1997, 1999ab, Krueger et al., 2008] and is currently used operationally to track 
volcanic ash clouds [Brenot et al., 2014].  
In June 2007, OMI observations began detecting anomalous observations 
along the central (near nadir) positions of the OMI swath (see 
http://projects.knmi.nl/omi/research/product/rowanomaly-background.php).  As a 
result, portions of the OMI’s central swath must be filtered out.  This is shown in 
Figure 2.3c.    
The Ozone Mapping Profiler Suite (OMPS), on board the NASA-NOAA 




2011, continues the legacy of BUV SO2 and AI observations.  Similar to OMI, OMPS 
contains a downward-looking push-broom UV spectrometer (nadir mapper) that 
measures radiance from 300 to 380 nm.  Unlike other UV instruments, OMPS on S-
NPP also contains a UV backward-looking limb profiler (OMPS LP) used to derive 
extinction profiles [Gorkavyi et al., 2013], and capable of measuring the vertical 
structure of aerosols in the atmosphere.   
 
Figure 2.5 Illustration of 
OMPS observations.  
Observations from the 
nadir mapper are shown, 
over South America.  The 
backward looking limb 
profiler observes three 
different atmospheric 
profiles, labeled the right 
(R) profile, center (C) 
profile, and left (L) profile.  
The profiles shown 
illustrate the sampling 
region, but actual 




OMPS LP observations were initially used to retrieve profiles of the aerosol 
scattering index (ASI).  The ASI is similar to the AI, in that it describes the difference 
between the measured radiances and radiances computed assuming a “clean” 
atmosphere: 
𝐴𝑆𝐼(𝜆, 𝑧) = >TCDE
(U,V)W	>XDY(U,V)
>XDY(U,V)




where 𝐼0LMN(𝜆, 𝑧) is the measured radiance and 𝐼ZM[(𝜆, 𝑧) the computed Rayleigh-
only radiance, at wavelength 𝜆 and altitude z.  Examples of OMPS nadir and limb 
profiler observations are shown in Figure 2..  
             At nadir, the OMPS nadir pixel size of 50 km x 50 km is notably larger than 
that of its predecessor OMI (13 km by 24 km), but the higher signal–to-noise ratio 
makes OMPS suitable for both volcanic and anthropogenic SO2 observations [Yang et 
al., 2013; Carn et al., 2015; Li et al., 2017].  Currently, OMPS column SO2 data are 
derived using the PCA algorithm of Li et al. [2013].  OMPS SO2 observations are 
produced for the same height assumptions as previously noted for OMI.  OMPS 







Figure 2.6  OMPS observations of the 2015 eruption of Calbuco.  The top panel 
shows OMPS nadir mapper SO2 observations for orbits 18107 and 18108, from 
April 26th 2015.  The OMPS limb profiler Aerosol Scattering Index (ASI) 
observations are shown in the bottom three panels, for l=675nm.  The ground 
tracks of the limb profiles are shown in black in the top panel.   
 
2.3.2 CALIOP and CATS Aerosol Profiles 
  
Satellite lidar (light detection and ranging) instruments use a pulsed laser 
system to observe the vertical distribution of aerosols in the atmosphere by measuring 




Orthogonal Polarization (CALIOP) [Winker et al., 2009] and Cloud-Aerosol 
Transport System (CATS) [McGill et al., 2015; Yorks et al., 2016] satellite lidar 
instruments provide curtain-like profiles of aerosols and clouds in the atmosphere. An 
example of this type of observation is shown in Figure 2..  The attenuated total 
backscatter (ATB or β’), with units of km–1 sr–1, is the primary parameter of CATS and 
CALIOP.  The ATB is the sum of the parallel and perpendicular polarization 
components and is derived from the calibrated, range-corrected, laser energy 
normalized, background subtracted raw photon count signal. It is “attenuated” 
because it includes the atmospheric extinction and “total” because it comprises the 
backscatter and extinction contributions from both molecules and particulates. The 
ATB profiles from CALIOP and CATS have frequently been used to study sulfate 
aerosols and ash within volcanic clouds, and better understand their vertical 
distributions [Winker et al., 2012; Vernier et al., 2013; Hughes et al., 2016].  The 
depolarization of the backscatter is also measured to assess the shape of the scattering 
aerosols, where low depolarization indicates spherical particles, like sulfate aerosols, 
and high polarization indicates aerosols with more complex and non-uniform 
structures, like some ice crystals and volcanic ash.      
            A drawback to these types of observations is their narrow FOV, limiting their 
height observations to describing only a part of the volcanic cloud.  For example, 
CATS has a 350m horizontal resolution.  Nonetheless, these direct observations 






Figure 2.7  CATS observations of volcanic sulfate aerosols.  Two profiles of the 
Attenuated Total Backscatter (ATB) show the vertical distribution of sulfate 
aerosols in a volcanic cloud that erupted from Mt. Etna.  The left panel is a daytime 
observation, which tend to be noisier than nighttime observaions, shown on the 
right. 
 
2.4 Volcanic Plumes and Volcanic Clouds: Source Terms  
 
Satellite observations provide a wealth of information that helps us better 
understand volcanic clouds, but rarely capture information about the volcanic 
plume.  Modeling volcanic clouds requires an estimate of the volcanic emission 
source terms, namely the altitude distribution of the emissions and the temporal 
evolution of the emission flux.  The following sections describe methods that utilize 
both satellite observations and models to estimate and refine volcanic emission source 
terms, to improve volcanic cloud simulations.  
 
2.4.1 Volcanic Plume Altitude 
 
In the absence of direct altitude observations, the observed transport path of a 




trajectories at varying altitudes with the observed transport, and deduces the correct 
altitude from the trajectory that best matches the observed transport path. [Schoeberl 
et al. 1993; Allen et al. 1999; Prata and Bernardo, 2007a; Krotkov et al. 2010; Yang 
et al. 2010].  A recent method by Hughes et al. [2012] built on the idea of using 
unique transport characteristics to derive injection altitude information by using 
backward trajectories. 
Trajectories describe the path taken by a parcel of air in the atmosphere.  
Since volcanic SO2 generally acts as a passive atmospheric tracer, trajectories can 
also be used to describe the path of SO2 containing air parcels.  Trajectories are 
initialized at a given time, location, and altitude in the atmosphere, and driven either 
backwards or forwards in time using meteorological wind fields.  For volcanic SO2 
observations, the altitude of the SO2 air parcel is generally unknown, yet their origin 
is well defined. In other words, the end point of a volcanic SO2 trajectory driven 
backwards in time should be the volcano. Thus, the altitude of the SO2 parcel can be 
deduced by finding the parcel initialization height that yields a trajectory that travels 
back to the volcano.  An example of back trajectories initialized from OMPS volcanic 
SO2 observations is shown in Figure 2.8, from an eruption of Mt. Etna.  This example 
shows two different initialization altitudes, demonstrating that the 11 km altitude 





Figure 2.8 Backward 
trajectories from volcanic 
SO2 observations.  The top 
panel shows trajectories 
initialized at 14 km, and the 
bottom panel shows 
trajectories initialized at 11 
km.  OMPS SO2 
observations are represented 
as orange triangles, with the 
trajectory paths traced in 
dashed blue lines.  The 
volcanic SO2 was erupted 




In Hughes et al. [2012], vertical stacks of trajectories are initialized at 
successive volcanic SO2 observations and driven backwards in time.  Trajectories that 
travel back to the volcano are considered to have successfully described a potential 
transport path for an SO2 observation and are collected in a trajectory ensemble.   
Trajectory arrival at the volcano is defined as arriving within a minimum 
distance, R*, to the volcano.  In Hughes et al. [2012], an R* of 700 km is used.  In 
order to build a sound trajectory ensemble, Hughes et al. [2012] initialized trajectories 
at successive observations of the SO2 cloud’s location, having the effect of 
reinforcing the true transport path over the spurious noise created by trajectories that 
coincidently arrive within R* of the volcano.  The trajectory ensemble is used to 
derive the probability of trajectory arrival time at the volcano, P(t*), and the joint 
probability of trajectory arrival time and arrival altitude, P(h,t*).  Figure 2.9, shows an 






Figure 2.9 Illustration of P(t*) 
and P(h,t*).  The probability of 
trajectory arrival time, P(t*), is 
shown in (a), and the arrival time 
and height probability, P(h|t*) for 
a specific time bin is shown in (b).  
In this example, height was 
expressed in terms of theta-levels, 
q.  (Source: [Hughes et al. 2012]) 
 
The back trajectories are advected by prescribed winds fields and do not 
undergo irreversible processes, such as diffusion or turbulent mixing, so the arrival 
time of a trajectory at the volcano can also be described as the time a trajectory would 
be emitted from the volcano to arrive at an SO2 observation, or simply the SO2 
emission time.  Thus, P(t*) can also be referred to as probability of emission time and 
P(h,t*) as the joint probability of emission altitude and emission time.  
            An alternative approach to source term estimation follows an inversion 
approach, where Eckhardt et al. [2008] combined satellite column SO2 observations 
with a transport model to derive the initial vertical mass distribution of volcanic SO2 
emissions.  This methodology derives a relationship between the initial emission 
column and the location of downstream observations of SO2.  This relationship is then 




vertical mass distribution for the volcanic SO2 emissions.  This method initially only 
assumed a fixed initial emission time, but was later updated to yield an emission 
height time-series for volcanic ash [Stohl et al. 2011], using assumed ash size and 
density distributions. 
  
2.4.2 Mass Flux 
 
Estimating the SO2 mass flux has been achieved by utilizing the observed total 
SO2 mass in freshly erupted clouds [Hughes et al. 2016, Flemming and Inness, 2013], 
and most notably in the TOMS/OMI/OMPS volcanic SO2 inventory [Carn et al. 
2015] (http://SO2.gsfc.nasa.gov/measures.html) and the AEROCOM volcanic SO2 
emissions inventory [Diehl et al. 2012].  The total mass loading can be directly 
translated into mass flux if the duration of the eruption is known, and mass flux is 
assumed constant during this duration.  
            For volcanic ash, studies have outlined an empirical relationship between the 
volcanic plume injection height and the mass flux of volcanic ash emitted at the vent 
[e.g., Wilson and Walker, 1987; Sparks et al., 1997; Mastin et al., 2009], noted as the 
mass emission rate (MER)-height relationship.  This dissertation uses the relationship 
derived by Mastin et al. [2009]:  
𝐻 = 2.00	𝑉<.$,;            (E 2.6) 
where H is the altitude (in meters) of the volcanic plume umbrella cloud and V is the 
ash volumetric flow rate (in m3) of dense rock equivalent (DRE). It is important to 
note that equation (E 2.6) describes the total volume of ash emitted from a volcanic 




of volcanic ash particles small enough for long distance transport away from the 
volcano, as gravitational settling will cause larger ash particles to quickly fall out of 
the volcanic cloud.  Thus, we should expect the ash flux source terms derived from 
this relationship to overestimate the amount of ash observed by satellites.  The MER-
height relationship primarily provides an initial estimate of the volcanic ash mass 
flux.  
 Volcanically erupted clouds of ash and SO2 are monitored by satellites that 
map their horizontal extent, and profilers that measure the vertical distribution of the 
aerosols within.  Transport models can help forecast the dispersion of volcanic ash 
and SO2 clouds, and observations can help estimate emission source terms needed to 
initialize transport models.  Analysis methods that help translate observations into 
emission source parameters were also detailed.  The following chapters make use of 
the models, observations, and analysis methods described here to answer the key 
scientific questions of this dissertation.  
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The April 14th, 2010 eruption of Iceland’s Eyjafjallajökull volcano spewed 
hazardous ash clouds into that atmosphere leading to mass closure of commercial air 
space, and placing a public spotlight on volcanic ash as an aviation hazard.  This 
eruption has been the focus of numerous studies modeling the transport of the ash and 
SO2 clouds [Webster et al. 2012, Folch et al. 2012, Webley et al. 2012, Dacre et al. 
2011, Lu et al. 2016, Matthias et al. 2012] and observing their various properties 
[Arason	et	al.,	2011;	Darce	et	al.,	2011;	Flentje	et	al.,	2010;	Emeis	et	al.,	2011;	Prata	
and	Prata,	2012;	Thomas	and	Prata,	2011;	Webley	et	al.,	2012;	Winker	et	al.,	
2012].  Having received so much scientific and public attention, this eruption serves 
as an ideal case study to evaluate the accuracy of newly developed models and 
observational analyses. In this chapter, I develop ash modeling capabilities within 
GEOS-5, and use the depth of modeling and observational studies of the 
Eyjafjallajökull eruption to evaluate the accuracy of the ash forecasts.   
Barring the more obvious reason, the Eyjafjallajökull eruption is unique in 
that the plume top altitude was nearly continuously monitored at 5-minute intervals 
from a weather radar station located nearby the Keflavík International Airport.  These 
radar observations provide a direct observation of the volcanic ash emission source 
terms required to initialized volcanic ash within transport models.   Naturally, 
modeling studies of the Eyjafjallajökull eruption overwhelming use the radar 




Following the guidance of these studies, I also use the radar observations of the 
plume top altitude to initialize a baseline simulation of volcanic ash with GEOS-5.  I 
denote this as the “baseline” simulations as it follows much of the conventions and 
assumptions used in other modeling studies.  The results of the baseline simulations 
generally match the forecasted locations of volcanic ash that were produced by the 
London VAAC at the time of the eruption, as well as with simulations from other 
modeling studies.   
UV satellite observations from the Ozone Monitoring Instrument (OMI) show 
the ash and SO2 cloud’s horizontal extent following the eruption of Eyjafjallajökull.  
The OMI observations notably disagree with the baseline ash simulations.  In order to 
gain insights into the nature of this discrepancy, I used a backward trajectory analysis 
to estimate the ash emission source terms from the OMI observations and compare 
these results to the radar plume top observations.  A set of revised emission source 
terms are constructed accounting for observations from both OMI and the Keflavík 
radar.  Simulations of the volcanic ash transport are generated using the refined 
emission source terms and compared to the baseline simulations.  The comparisons 
between the baseline and refined ash simulations are used to gain insights the possible 
limitations of the radar plume top observations. 
 3.2 Observations of the Eyjafjallajökull Eruption  
 
In this study, I aim to construct ash simulations that are similar to what was 
observed by satellites.  From the aviation impact perspective, I want to understand 




observed.  This will provide insight to the utility of flight rerouting applications in the 
wake of a volcanic eruption.  
    Given the impact of the eruption of Eyjafjallajökull on air traffic, there has been a 
lot of effort to publish satellite observations of the volcanic ash and SO2 clouds that 
pose aviation hazards.  Observations notable for this study primarily include those 
from geostationary SEVIRI [Schmetz et al. , 2002, Prata and Prata, 2012; Webley et 
al. 2012; Thomas and Prata, 2011], polar orbiting IASI [Clerbaux et al., 
2009, Carboni et al. 2012; Dacre et al. 2011; Thomas and Prata, 2011], and space 
lidar CALIOP [Hunt et al. 2009; Winker et al. 2012].    
    Routinely processed imagery of volcanic SO2 and ash clouds from multiple polar 
satellite observations can be found using the Support to Aviation Control Service 
website (SACS, http://sacs.aeronomie.be) [Brenot et al., 2014].  The SACS website 
contains an archive of SO2 and ash observations from the Eyjafjallajökull eruption, 
which assist in understanding the observed path of the ash and SO2 cloud from April 
14th to April 17th.  
 
3.2.1 Satellite Observations    
 
The Ozone Monitoring Instrument (OMI) onboard the polar-orbiting NASA’s EOS 
Aura satellite has been frequently used to monitor volcanic SO2 clouds [Carn et al 
2009; Carn et al. 2015].  OMI is a nadir looking wide field-of-view push-broom UV-
VIS spectrometer [Levelt et al., 2006] that images a swath with a 2,600 km width, 
with 13km along-track sampling.  The 2,600 km wide swatch is broken up into 60 




edge the resolution is 128 km x 13 km.  OMI measures the Earth radiance from 
reflected sunlight in the 270 nm - 500 nm wavelength range.  OMI observations are 
used to derive ozone and other trace gases, including SO2 vertical column density 
(VCD) maps in Dobson Units (1 DU= 2.69*1016 molecules SO2 cm-2) and Aerosol 
Index (AI).  OMI SO2 products have been generated using progressively more 
sensitive retrieval algorithms across the instrument’s lifetime.  Initially, the SO2 
products were derived using the Band-Residual Difference (BRD) algorithm [Krotkov 
et al. 2006], and then improved for large volcanic eruptions using the Linear Fit 
algorithm of [Yang et al. 2007].  The current archived OMI SO2 data has been 
reprocessed using the most sensitive Principal Component Analysis (PCA) algorithm 
[Li et al 2013; 2017] to derive both volcanic and pollution SO2.  The Aerosol Index 
(AI), describes the ratio of the measured radiance to the radiance expected from 
molecular (Rayleigh-only) scattering atmosphere [Torres et al., 1998].  A positive AI 
indicates the presence of absorbing aerosols, such as dust and volcanic ash [Seftor et 
al., 1997; Krotkov et al., 1999a, 1999b], whereas near-zero AI indicates large non-
absorbing aerosol particles or no aerosols at all [Torres et al. 2007].  
    Beginning in June 2007, OMI observations begin detecting anomalous 
observations along the central (near nadir) positions of the OMI swath (see 
http://projects.knmi.nl/omi/research/product/rowanomaly-background.php).  As a 
result, portions of the OMI’s central swath must be filtered out.    
The Infrared Atmospheric Sounding Interferometer (IASI) has also been a 
valuable tool in monitoring volcanic ash [Clarisse et al., 2010] and SO2 clouds 




meteorological satellites measures volcanic ash and SO2 in the Thermal infrared (IR), 
twice daily [Clerbaux et al., 2009].  The volcanic ash observations are sensitive to ash 
particles with a diameter between 2 to 32 µm [Stohl et al., 2011].  Although I do not 
directly present any IASI observations here, I do make reference to their observations 
published elsewhere.  
 
3.2.2 Radar Observations 
 
    The evolution of the ash plume-top for the Eyjafjallajökull eruption was monitored 
from the ground by C-band radar at an Icelandic weather radar station, just north of 
Keflavík International Airport.  This radar station is situated approximately 155 km 
away from Eyjafjallajökull and has been previously used to monitor volcanic 
eruptions, including the eruptions of Hekla in 2000 [Lacasse et al., 2004] and 
Grímsvötn in 2004 [Vogfjörd et al., 2005].  A detailed description of the radar 
observations of the Eyjafjallajökull plume top is found in Arason et al. [2011].  The 
radar scans both horizontally and at increasing inclination angle, measuring the 
reflectivity of the atmospheric column containing the volcanic ash plume.  For the 
eruption of Eyjafjallajökull, the radar was used to measure the echo top of the 
volcanic plume, i.e. the volcanic plume max altitude.  The echo top defines the 
maximum altitude where the reflectivity exceeded a threshold value.  Radar 
observations of ash are generally more sensitive to coarse ash.  For example, the 
Volcanic Ash Radar Retrieval (VAAR) of Marzano et al. [2011] noted a sensitivity of 




    This radar station produced observations of the volcanic plume-top altitudes at 5 
minute intervals form April 14th to May 23rd.  The observations are also provided in 
hourly and 6-hour averages.  The radar station was set to measure altitudes between 0 
to 12 km, but due to obscuration from the Brennisteinsfjöll mountain range the radar 
had a minimum altitude sensitivity of 2.5 km.   
 
3.3 Modeling Volcanic Eruptions in GEOS-5 
 
3.3.1 GEOS-5 Model 
 
 This work uses NASA’s state of the art global Eulerian Goddard Earth 
Observing System, version 5 (GEOS-5) [Suarez et al., 2008] Earth System model, 
which includes atmospheric circulation and composition, as well as land and ocean 
characterization. The GEOS-5 model has 72 vertical layers and can be run in both 
fine and coarse horizontal resolutions, in the following modes: forecast mode, data 
assimilation mode, or replay mode.  In forecast mode, the model is initialized with 
meteorology fields and further dynamics are computed, or forecasted, from these 
initial conditions.  Data assimilation is similar to the forecast mode, but includes a 
data assimilation analysis step to evaluate and correct the state of the model 
meteorology.  In replay mode, the model meteorology is updated at temporal intervals 
using archived meteorology.  
The GEOS-5 model is capable of adjusting the meteorological fields based on 
the radiative properties of simulated aerosols, referred as running in “online” 




compute the effects of radiative heating affecting the simulation meteorology during 
the model run.  In the “offline” mode, the aerosols act like passive tracers since they 
do not affect the meteorological fields. The advantage of running GEOS-5 online is 
that it should yield a more realistic representation of aerosol transport.  
It is important to note, however, that the aerosol effects of GEOS-5 online run 
can be nullified by running the model in replay mode.  Running GEOS-5 in replay 
mode is desirable since it continually updates the simulation meteorology with an 
accurate archived meteorology.  However, periodically updating the simulation 
meteorology with archived meteorology would overwrite the aerosol effects on 
meteorological fields.  This could be avoided by running my simulations under 
settings that maximize accuracy in the meteorology (high resolution, online, active 
data assimilation, etc.), but this would be very computationally demanding.  Since the 
observed ash loadings are not extremely large, compared to other larger volcanic 
eruptions, I choose to run GEOS-5 in replay mode in order to represent accurate 
meteorology, and neglect the aerosol feedbacks on dynamics.   
The GEOS-5 simulations presented in this work were run on a cube-sphere 
grid at c180 horizontal resolution (~ 0.5o x 0.5o).  The initial meteorological 
conditions come from the MERRA analysis, regridded to the c180 resolution.  
 
3.3.2 GOCART Ash Model 
 
 Aerosols are modeled in GEOS-5 using the internal online Goddard 
Chemistry, Aerosol, Radiation, and Transport (GOCART) module [Chin et al., 2000; 




carbon, sea salt, and sulfate aerosols.  Species in GOCART are transported by 
advection, convection, and turbulent mixing.  Advection of tracers in GEOS-5 is 
computed by a flux-form semi-Lagrangian method [Lin and Rood, 1996], and 
archived cloud mass flux fields are used to parameterize the moist 
convection.  Turbulent mixing due to buoyancy and mechanical shear is 
approximated by eddy diffusion.  
GOCART simulates dust through a sectional approach, allowing for different 
density and size distributions to be simulated.  Dust is removed from the atmosphere 
through gravitational settling and wet and dry deposition.  The GOCART dust 
module [Ginoux et al. 2001] has been modified to simulate multiple instances of dust-
like particles in the atmosphere.  In this research, the dust model is used to model the 
dispersion of volcanic ash clouds.   When the dust module is used to simulate 
volcanic ash, all the dust emission sources are shut-off and only predefined ash 
emission sources are retained.  Volcanic ash, like dust, is removed from the model 
atmosphere by wet removal, dry deposition, sedimentation, and convective 
scavenging, see Chin et al. [2002].  The dry deposition of ash is modeled as both 
gravitational settling and the turbulent transfer of particles to the surface.  Wet 
scavenging is modeled as removal from below cloud precipitation (washout) and 
from in-cloud precipitation (rainout).  Due to a lack of better information, Ginoux et 
al. [2001] assumed the scavenging efficiency of wet removal process for dust was the 
same as that used for sulfates.  I also make this assumption for the volcanic ash 




Volcanic ash is initialized in the model by emitting a mass flux of ash directly 
into the grid box that corresponds to the prescribed emission latitude, longitude, and 
altitude.  The ash plume’s top and bottom altitudes are used to vertically distribute the 
ash flux across the grid boxes that overlap this altitude range.  The shape of the ash 
plume is currently assumed to be a constant from the top to the bottom, i.e. the ash 
flux is equally distributed across this range.  The horizontal location of the ash 
emissions is defined as the grid column that encapsulates the prescribed emissions 
latitude and longitude location. The duration of the ash mass flux emission is defined 
by a start and stop time. 
3.4 Modeling the 2010 Eruption of Eyjafjallajökull: Baseline 
Simulation  
 
3.4.1 Ash Particle Size Distribution 
 
 The ash particle size distribution used in the GOCART simulations were 
chosen based on in situ observations of the ash particle size distributions and the 







Figure 3.3 Ash particle size distributions (PSD) from models and 
observations.  The solid red line shows the distribution used in Webley et al. 2012, 
representing a distribution typically assumed for an eruption of this type.  The 
dashed line shows the aircraft measured in situ ash particle size distribution from 
Schumann et al. 2011, observed at ~15:00 UTC on May 2nd 2010 approximately 
450km downwind of Eyjafjallajökull volcano.  The vertical dotted lines represent 
the range of TIR (IASI and SEVIRI) ash retrieval sensitivity. Blue solid line is PSD 
assumed in this work. 
 
Figure 3.3 shows the particle size distribution (PSD) of ash samples from Schumann 
et al. 2011, representing in situ aircraft measurements of the ash cloud.  The aircraft 
measurement shown in Figure 3.3 show a peak particle diameter ~9 µm.  These 
aircraft observations were used to construct the ash size distribution used in Stohl et 
al.’s [2011] simulations.  Also noted in Figure 3.3 is the sensitivity range of IASI and 
SEVIRI observations, primarily for ash particles diameters between 2 - 32 µm.  Based 
on aircraft observations of Schumann et al. [2011] and the sensitivity of IASI 




is primarily interested in modeling the ash cloud transport compared with satellite 
observations, I chose to only model the fine ash particles.  Simulations by Webley et 
al. [2012] found that when the ash cloud had travelled hundreds of kilometers from 
the volcano, it was best represented by particle bins with a diameter of 62.5 µm or 
smaller.  Gravitational settling causes heavier ash particle bins to settle out much 
closer to the volcano.  Based on this result, I chose to only simulate ash particles with 
radii smaller then approximately 32 µm.  The ash is simulated for 7 size bins, with 
parameters as shown in Table 3.1.  My model simulations also assume a constant ash 
mass density of 2,700 kg/m3.  
 
Table 3.1 GEOS-5 Ash Size Bins 
Bin Number 1 2 3 4 5 6 7 
Effective Radius [µm] 0.55 1.4 2.4 4.5 8 13.5 24.5 
Lower Bound (radius) [µm] 0.1 1 1.8 3 6 10 17 
Upper Bound (radius) [µm] 1 1.8 3 6 10 17 32 
 
3.4.2 Ash Emission Source Terms: Altitude and Flux 
 
The volcanic ash plume top observations from the weather radar at Keflavík airport 
[Arason et al., 2011] have been used by numerous studies to provide initial source 
terms for Eyjafjallajökull ash emissions [Webster et al. 2012, Folch et al. 2012, 
Webley et al. 2012, Dacre et al. 2011, Lu et al. 2016, Matthias et al. 2012].  In this 
study, the hourly averaged plume top radar observations are used to initialize the 




an average over the 5-minute plume top observations, which are not always 
provided.  Thus, the hourly plume top observations are discarded if more than 80% of 
the 5-minute observations are not valid.  More information about the frequency of 
missing scans can be found in Arason et al. [2011].  
 As the plume top only describes the maximum altitude of the volcanic plume, 
the vertical structure of the volcanic plume must be assumed.  In this study, the 
volcanic ash is assumed to be uniformly distributed across the top third of the 
atmospheric column between volcanic summit elevation and the observed plume 
top.  For example, an 8km plume top will have a 2.1km depth.  This assumption for 
the vertical structure of volcanic plumes is typically used in GEOS-5, including the 
recent MERRA-2 Reanalysis [Randles et al., 2017, Buchard et al. 2017].  A typical 
umbrella cloud plume shape, as used in Webley et al. 2012, breaks up the plume into 
an umbrella region just below the plume top altitude, with a tapered off cloud tail 
attaching the umbrella region to the volcano vent.  The depth of the umbrella region is 
defined as the top quarter of the atmospheric column between the plume top and the 
volcanic summit, and contains 75% of the total ash.  For large eruptions that inject 
ash at 20 km – 30 km, the difference between our simplified 1/3 top column plume 
shape and the umbrella cloud plume shape may be significantly larger.  However, the 
plume top altitudes used in this study are roughly between 8-4km and the model’s 
vertical resolution is roughly 1 km in this altitude region, so our assumed plume 
shape is approximately similar to simulating only the umbrella region of a typical 




Numerous studies have demonstrated an empirical relationship between the 
plume top altitude of a volcanic plume and the mass emission rate, or MER, of 
erupted tephra.  Mastin et al. [2009] provides a thorough summary and analysis of 
this relationship.  Following similar studies of the Eyjafjallajökull eruption, [Folch et 
al. 2012, Webley et al. 2012, Dacre et al. 2011] and many others noted previously, I 
use this relationship to estimate an ash mass flux from the radar plume top 
observations.  In this study I use the relationship from Mastin et al. [2009] (see 
Equation 1). 
The MER represents the total mass of tephra ejected from the volcano.  In this 
study, I was primarily interested in modeling the fraction of fine ash that survived 
past initial aggregation process and gravitational settling to be advected hundreds of 
kilometers away from the volcano.  The fraction of the downwind advected fine ash 
from the total erupted ash mass as described by the MER-height relationship  (E 2.6) 
is unclear.  Following Webley et al. [2012], I initially assume 40% of the total mass 
for particles with a diameter less than or equal to 63 µm.  This assumption comes 
from the study of Mastin et al. [2009], which catalogued volcanic eruption styles and 
typical source term parameters.    
 
3.5 Initial Model Results and Analysis 
 
In this section the results from the GOCART ash simulations using the baseline 
emissions are presented and compared to other reports and observations.  First, a 
general description of the simulated ash transport is given.  This is followed by a 




compare to the real-time estimates of the ash cloud. Then, the ash simulations are 
compared to observations of the ash and SO2 cloud from the satellite instrument 
(Aura/OMI).  I further note how my simulations compare to other published 
simulations that have done similar work, as well as other published observations.   
 
3.5.1 Simulation Results   
 
Strong westerly and northwesterly winds persisted across Iceland at lower and upper 
altitudes (3 -10km) at the beginning of the eruption on April 14th and 15, with strong 
westerly winds persisting for subsequent days at upper altitudes [Petersen, 2010].  In 
Figure 3.4, plots of the column integrated ash mass, or ash loading, from my 
GOCART simulation are shown. The GOCART simulations show the ash clouds 
transported by westerly winds, as the ash cloud is quickly advected towards 
continental Europe on April 14th and 15th.  On April 15th, the simulations show the 
leading edge of the ash cloud undergoing a rapid meridional shearing, dispersing ash 
from the UK and up to the northern most regions of Scandinavia, with western part of 
the ash cloud trailing back to the volcano.  The meridional shearing is likely caused 
by entrainment of the ash cloud into an anticyclone directly south of Iceland 
[Petersen, 2010].  By April 16th 00:00 UTC, the leading edge of the ash cloud has 
stretched into a filament-like structure moving to the south-east across continental 
Europe.  The western part from the ash cloud that trailed back to the volcano on April 
15th merges into the leading ash cloud on April 16th, resulting in a single large ash 
cloud stretching across much of Europe.   The ash simulation 2D snapshots at 




volcanic cloud initialized during the initial explosive phase of the eruption, at ~9km; 
the trailing part of the cloud came from the emissions at lower altitudes, at 
~5km.  The emissions ceased after 12:00 UTC on April 15th but started up again on 
April 16th.   
 
 
Figure 3.4  The Eyjafjallajökull ash cloud from the GOCART baseline 
simulations.  The column ash loading is shown, starting on April 14th at 12:00 
UTC (a).  The snapshots of the ash simulation are shown at 6-hour intervals (b) – 










Figure 3.5 Comparison of the GEOS-5 baseline ash simulation to VAAC 
Reports (dash lines in a) and OMI Observations.   The total column ash loading 
from the baseline simulations are shown in (a) and (d), for April 15th 12:00 UTC 
and April 16th 12:00 UTC respectively.  The London VAAC VAA regions for the 
Surface-to-FL200 (dashed blue) and FL200-to-FL350 (dashed green) are shown in 
(a).  The OMI AI and SO2 composite observations for April 15th 10:14 – 12:14 
UTC are shown in (b) and (c), and for April 16th 09:20-12:45 UTC in (e) and (f).  
 
  The VAAC produces Volcanic Ash Advisories (VAAs) that estimate the 
extent of volcanic ash in the atmosphere both vertically and horizontally.  VAAs 
contain estimates of ash-contaminated regions for the current state of the atmosphere 
and forecasts at +6h, +12h and +18h.  In Figure 3.5a, the VAAs estimating ash-
contamination for the current state of the atmosphere, for SFC/FL200 and 
FL200/FL350, on April 15th at 12:00 UTC are overlaid on the corresponding ash 




containing air masses, constrained by a bottom/top vertical levels.  VAAs use flight 
level as a vertical coordinate, where flight level is expressed as hundreds of feet and 
assumes a standard pressure.  For example, SFC, FL200, FL350 correspond the 
surface, 20,000 ft (~ 6 km) and 35,000 ft (~ 10.7km).  However, flight level assumes 
a standard pressure so these altitudes, while roughly similar, may not exactly reflect 
the true altitude or the altitude modeled in my simulations.  The London VAAC also 
issued a VAA for FL350/FL550 on April 15th at 12:00 UTC, but they are not included 
here since none of the ash in my simulations were initialized at, or above, 10km.   
    In general, the baseline ash simulation tends to overlap with the corresponding 
VAAC VAAs for April 15th at 12:00 UTC.  I can also see that the VAAC VAA tends 
to encompass a much larger area then seen in the simulations, though this should be 
expected with a zero-ash tolerance policy, since VAAs estimate air mass regions 
conservatively where any ash exposure is expected.  The main point of this 
comparison is to demonstrate that my simulation agrees reasonably well with VAAC 
VAA estimates from the initial time of the eruption.  
Also presented in Figure 3.5 are composite OMI swath observations of the 
volcanic ash and SO2 clouds observed at ~2pm local time on April 15th and 
16th.   Note that here the UV Absorbing Aerosol Index (or simply, AI) is used to 
indicate the presence of volcanic ash.  The OMI observations are blocked in the 
middle regions of the swath, so we’ve only plotted cross-track positions 1 through 
27.  Although this selection removes a significant part of the OMI orbit, the 
remaining observations still yield reasonable coverage of the ash and SO2 clouds.  




other satellite instruments, such as GOME-2 [Thomas and Prata, 2011], SEVIRI 
[Prata and Prata, 2012; Thomas and Prata, 2011], and IASI [Darce et al. 2011]. The 
OMI observations show that the horizontal extent of the ash and SO2 clouds generally 
overlap.  Other studies have similarly noted the strong correlation between the 
horizontal extent of ash and SO2 in the Eyjafjallajökull volcanic cloud [Thomas and 
Prata, 2011].  The correlation of the spatial extent is particularly better on April 16th 
then on April 15th, though, the mass distributions of ash and SO2 across the cloud are 
not well correlated [Thomas and Prata, 2011]. 
The baseline simulation greatly overestimates the horizontal extent of the ash 
cloud, when compared to the OMI observed ash cloud locations.  On April 15th, the 
simulations show an ash cloud extending over a large part of the Scandinavia and 
extending down to the UK, and tracing back to the volcano.  The OMI observations 
show a much smaller ash cloud just barely reaching the coast of Norway, in 
agreement with SEVIRI observations [Prata and Prata, 2012].  On April 16th, the 
baseline ash cloud has dispersed and spread to cover a much larger geographic area.  
Part of the ash cloud sheared into a filament-like structure that stretches across much 
of Europe.  In OMI AI observations, the ash cloud is mainly over central Europe, with 
smaller amounts further to the northeast, over Finland.  SO2 is observed covering the 
same region, but with a stronger signal in the northeastern part of the cloud.  The 
baseline simulation generally overlaps with the OMI observations, but as shown on 
the 15th, greatly overestimates the extent of the volcanic ash cloud. 
Looking at this comparison from the perspective of the OMI observations, I 




observed ash cloud is shifted south of the simulated ash clouds, thought the trailing 
part of the observed ash cloud that traces back to the volcano matches better with the 
simulated ash cloud.  On April 16th, the observed sheared ash clouds tend to overlap 
better with the simulated ash cloud.  
The results from the baseline ash simulations generally agree with results 
obtained by other studies that use the Keflavík radar plume top to initialize the 
Eyjafjallajökull volcanic ash cloud [Webley et al. 2012, Folch et al. 2012; Darce et 
al. 2011].  Though the simulations from these studies are not identical, they greatly 
overestimate the ash cloud’s spatial extent on April 15th and 16th, when compared to 
satellite observations.  Observations from IASI [Darce et al. 2011], suggest that 
volcanic ash was not advected away from Iceland until ~22:00UTC.  This contradicts 
the source terms used in my simulations, assuming emission start time at 12:00 UTC 
(Figure 3.5a).  In the next section I further investigate the impact of this time 
difference on ash advection and construct a modified source term that’s used to run a 
revised ash simulation.  These simulations are compared to the baseline simulation 






3.6 Revised Model Setup 
 
An analysis of the baseline simulation suggests that the earlier timing of the ash 
emission source term is responsible for the overestimation of the dispersed ash 
cloud’s spatial extent.  In order to constrain the fine ash emission source timing to 
better agree with the observed dispersion pattern of the fine ash cloud, I will use a 
backward trajectory method [Krotkov et al., 2010; Hughes et al. 2012] and compare 
the results to the reported local radar emissions.  The results of the back-trajectory 
analysis will be used to construct a revised emission source term that will be used to 
run a revised ash simulation.  We’ll compare the results of the revised simulation with 
those from the baseline and satellite observations.  
 
3.6.1 Trajectory Analysis of Observations 
 
Trajectories have frequently been used to analyze volcanic clouds, typically to deduce 
the altitude of emissions [Schoeberl et al. 1993; Allen et al. 1999; Prata and 
Bernardo, 2007; Krotkov et al. 2010; Yang et al. 2010; Hughes et al. 2012; Hughes 
et al. 2016].  Since we’re interested in estimating both the height and the timing of 
volcanic emissions, I follow the methodology outlined in Hughes et al. [2012], where 
backward trajectories are used to resolve an emission height-time probability 
distribution function (PDF).   
As previously described in Section 2.4.1, Hughes et al. [2012] initialized 
vertical stacks of trajectories at satellite total column measurements of volcanic SO2 
and drove the trajectories backwards in time (back-trajectories).  Trajectories that 




successfully described potential SO2 transport paths that lead to SO2 observations and 
were combined in a trajectory ensemble.  The trajectory ensemble were then be used 
to derive the SO2 emission time PDF, the SO2 emission altitude PDF [Hughes et al. 
2016], or the joint PDF that describes the emission altitude as a function of time 
[Hughes et al. 2012].  
Here I apply a back-trajectory analysis to OMI observations of SO2 from 
Eyjafjallajökull volcanic cloud.  As described in Hughes et al. [2012], initializing 
back trajectories from observations too close to their source can lead to trajectory 
ensembles that contain nearly all the initialized trajectories, which can yield 
meaningless or misleading PDFs.  For this reason, I apply a back-trajectory analysis 
to OMI SO2 observations from April 16th, shown in Figure 3.5, for all satellite SO2 
observations above a 0.25 DU noise threshold.  The trajectories were run backward 
using the Goddard Space Flight Center Trajectory Model [Schoeberl and Sparling, 
1995] driven by NCEP Operational 1ox 1o re-analysis [Kalnay et al. 
1996].  Trajectories were initialized at the time of OMI observation on April 16 at 
~2pm local time at 1 km intervals at altitudes ranging from 2 to 20 km.  Trajectories 
that approach to within 50km of the volcano are added to the trajectory ensemble.  
The ensemble is used to derive the PDF of trajectory arrival times, at the volcano.  
Since the trajectories are not undergoing irreversible processes, the arrival time can 
also be described as the emission time from the volcano.  I define the PDF of the 






Figure 3.6 Emission time PDF defined by back trajectories from OMI volcanic 
SO2 observations on April 16.  The emission time PDF, P(t*), is plotted as a solid 
black line.  The radar plume top observations for this time period are also shown, in 
red dots.  The gap in the radar observations represents times that radar observations 
weren’t reported. 
 
 P(t*) for the OMI SO2 observations from April 16th are shown in Figure 
3.6.  P(t*) shows a well constrained Gaussian-like distribution of emission times with 
a most probable time around 2:00 UTC on April 15th and possible times range from 
~21:00 UTC on April 14th until 08:00 UTC on April 15th.  This result suggests that 
the observed SO2 cloud was emitted and subsequently advected away from the 
volcano over the extended time period: April 14th 21:00 UTC - April 15th 08:00 
UTC.  The emission start time estimated from the emission time PDF agrees with 
IASI observations that show ash emission beginning to advect away from Iceland just 




Also plotted in Figure 3.6 are the radar hourly averaged height observations of 
the volcanic plume.  Comparing P(t*) to the radar observations, I can see that the 
P(t*) peak overlaps with the period of the eruption, but is delayed until after the initial 
explosive phase.  P(t*) also suggests that the bulk of SO2 was emitted during the later 
less explosive phase of the eruption, and at lower altitudes ~5km - 6km.    
Although P(t*) was estimated using OMI SO2 observations, these results 
should also bear true for the emitted fine ash cloud given its collocation with the SO2 
cloud. Having collocated spatial patterns means that very similar wind fields advected 
the SO2 and ash clouds.  In this case, the colocation of ash and SO2 clouds on April 
15th and 16th requires that they have the similar emission times and altitudes.  That 
said, the trailing part of the ash cloud on April 15th doesn’t overlap SO2 observations, 
so P(t*) is likely underestimating the stop time of the ash emissions at 08:00 UTC on  
April 15th.  With this in mind, I only use P(t*) to estimate the ash emissions start time. 
 
3.6.2 Revised Emission Duration 
 
Using the emission time PDF, P(t*), as guidance, a revised ash emission vertical 
profile is constructed.  Both my estimate P(t*) and IASI observations suggest that ash 
didn’t start advecting away from the volcano until roughly 21:00 UTC, so for the 
revised emission I truncate the baseline ash flux emission at 21:00 UTC on April 
14th.  The revised ash flux is set to zero at all times before 21:00 UTC on April 14th.  
Radar observations showed that the eruption experienced a more explosive phase 
with the highest emission altitudes during the first 9 hours of activity, before 21:00 




removing ash emissions from the more explosive portion of the eruption, keeping 
emission altitudes below 6km.  This is partially in conflict with CALIOP observations 
from April 16th, which measured the ash cloud over west Germany at altitudes as 
high as 7.27 km [Winker et al. 2012].  It should also be noted that the 5-minute radar 
plume top observations did have a maximum value at 9.1 km during the 19:00 to 
20:00 UTC hourly interval, though the average height was 5.9 km (Fig. 3.4).  For 
these reasons, I chose to adjust the injection height to a higher altitude than what was 
observed by radar. The ash altitude in the revised emissions is initially set to 7.8 km, 
the average of the higher altitudes observed during the initial explosive phase of the 
eruption on April 14th during 10:00 - 17:00 UTC.  For April 14th 22:00 UTC, and 
going forward, the ash emissions are assumed to follow the emissions observed by 
radar.  A comparison of the baseline and revised emission altitudes is shown in Figure 
3.7. 
 The ash flux for the revised emissions is derived using the same MER-altitude 






Figure 3.7 Initialized plume tops (solid lines) and bottoms (dashed lines) for 
the baseline (blue) and revised (orange) ash simulation.   
 
3.7 Modeling Results: Baseline vs. Revised 
 
In this section, the effects of modifying the emission source parameters in the revised 
ash simulation are compared with the baseline simulation and OMI observations.  The 
vertical distributions of the baseline and revised simulations are also described.  This 
is followed by analysis of the volcanic ash cloud that advected across central Europe, 
where timing and vertical distribution of the ash cloud was well observed by 






3.7.1 April 15th, 2010 
 
Altering the ash emissions in the revised simulation results in the removal of a 
significant portion of the ash cloud from the simulation.  This can be seen in Figure 
3.8 (a and b), where the simulated ash cloud on April 15th at 12:00 UTC is shown.  In 
the baseline simulation, the anticyclone to the south of Iceland sheared the leading 
edge of the ash cloud.  The revised simulation delays the ash emission start time, 
yielding a leading edge that experiences less meridional shearing and with less overall 
ash mass.  As noted previously, the baseline simulation matches reasonably well with 
the VAAC VAA, but the leading edge drastically overestimates the horizontal extent 
of the ash cloud when compared to OMI observations.  The revised simulation 
decreases the extent of the ash cloud within the VAA, coming into a better agreement 
with the OMI observations.    
In order to better understand the vertical structure of the ash clouds in the 
GCOART simulations, the plume top of the simulations is computed and shown in 
Fig 3.6.  For these figures, the plume top is defined as the height of a column that 
contains 90% of the total column ash. 
Figure 3.8 shows the plume top of the simulated ash clouds on April 15th.    In 
the baseline run, the leading edge of the ash cloud varies in altitude, with the 
southernmost part at 5 km and gradually increasing in altitude to 9 km at the northern 
edge.  The leading edge of the ash cloud in the revised run is opposite to this, with the 
southern edge at a higher altitude (7km - 8km), with the northern edge at lower 
altitudes (6km - 7 km).  This difference demonstrates that the change in the emission 




which didn’t match OMI observations.  The trailing edge of the ash cloud in both 
simulations is identically around 4 km - 6 km, showing that it was emitted at times 
when the baseline and revised simulations had the same emission source terms.  
There are still places of notable disagreement between the revised simulation 
and the OMI observations, primarily at the leading edge of the cloud.  The OMI 
observations place the leading edge of the cloud slightly further south than seen in the 
revised simulations, and only extending to the coast of Scandinavia.   The revised 
simulation pushes the leading part of the ash cloud further inland, and shears 
southward.  The revised ash simulation appears to hook around the region were OMI 
observed the leading ash cloud.  The reason for the remaining disagreement between 
the ash simulations and OMI observations is unclear.  A series of alternative ash 
simulations were generated by nudging the revised emission source terms along the 
time and altitude dimensions.  None of these alternative ash simulations resulted in 
increased agreement between the ash simulations and OMI.  However, the differences 
between the ash simulations and OMI observations did reduce when the resolution of 
the  GEOS-5 simulations and MERRA initial meteorological conditions become more 
coarse, as see more coarse the c48 GEOS-5 simulations (~ 2ox2o), see Appendix 
Figure A.1.  Our results here are similar to a comparison of the results of Webley et 
al. [2012] which ran ash simulations at a high resolution (18km) and Folch et al. 
[2012] which used a coarse resolution (1.5ox1.5o).  Both of those studies used the 
radar observations to derive ash emission source terms.  For this reason, I hypothesize 
that the disagreement between the OMI observations and ash simulations are the 








Figure 3.8 Comparisons of baseline and revised ash simulations for April 15th, 
2010.  The left panels show the ash mass loading (top) and plume top (bottom) for 
the baseline simulations on April 15th at 12:00 UTC.  The same is shown for the 







3.7.2 April 16th, 2010 
 
In general, there is a large difference in ash mass loading between the baseline and 
revised simulations that is apparent on the April 16th plots, Figure 3.9 (a) and 
(b).   This is to be expected since the MER-Height relationship approximates larger 
ash fluxes with higher altitudes, so by removing the higher plume tops from the 
volcanic ash emission source term, there has also been a significant total ash mass 
reduction in the revised run.  The difference between the ash mass spatial 
distributions on April 16th show that the emission source term from 09:00 UTC to 
21:00 UTC greatly influenced the distribution of ash on April 16th.  In the baseline 
simulation, the ash mass is distributed rather uniformly across the ash cloud, whereas 
the revised ash cloud has two distinct peaks in the ash cloud concentrations.  The 
peaks in ash mass in the revised simulations do occur at locations near where ash was 







Figure 3.9 Comparison of the baseline and revised ash simulations for April 
16th 2010.  The full extent of the baseline (a) and revised (b) ash clouds are shown 
as ash mass loading maps at 12:00 UTC.  Zoomed-in views of the ash cloud that 
approached central Europe are shown for baseline (c) and revised (d) ash mass 
loadings, and for baseline (f) and revised (g) cloud top altitudes.   The OMI Aerosol 
Index (AI) observations at 09:20 – 09:40 UTC are shown in (e). 
 
 
In the OMI observations from April 16th, a well-defined ash cloud extends 




approaches central Europe.  In both baseline and revised simulations, the ash cloud is 
sheared into two filament-like structures that advect across central Europe.  The 
leading filament is associated with the leading edge of the ash cloud from April 15th, 
and similarly the trailing filament is associated with the trailing part of the cloud on 
April 15th that tracks back to the volcano, see Figure 3.4e.  This is apparent from the 
comparison of the baseline vs. revised simulation, where the mass of the leading 
filament has been greatly reduced in the revised simulation.  The evolution of the ash 
cloud shown in Figure 3.4 can also be used to understand the development of the two 
filament structures.   
The OMI observations, Figure 3.9 (e), match better with the location of the 
leading filament, which is unexpected.  Observations from OMI, IASI [Darce et al. 
2011], and SEVIRI [Prata and Prata, 2012] show that the ash cloud that travelled 
over central Europe is associated with the trailing part of the ash cloud from April 
15th, and should match the trailing filament.  This difference between OMI 
observations and the model simulation is likely due to the inaccuracies in the 
quantification of the source parameters and meteorology.  In particular, there are 
inconsistencies between the revised simulation and the OMI observations on April 
15th that are likely associated with inaccurate ash emission source terms.  As the 
model simulates the forward movement of the ash cloud I should generally expect the 
model and observations to drift further apart with time.    
The two filament-like structures of the ash cloud in the model simulations are 
likely accurate, but with an exaggerated spatial extent.  Observations from SEVIRI on 




central Europe [Webley et al., 2012], though they are much closer together then in 
either model simulation.  The two filament-like structure is less detailed in the 
SEVIRI retrievals by Prata and Prata [2012], but they still show that ash cloud over 
central Europe has a leading and trailing layer on April 16th at 05:30 UTC.  
The ash plume’s arrival over central Europe and vertical distribution was well 
observed by satellite based lidar [Winker et al., 2012] and ground based lidar and 
ceilometers [Flentje et al., 2010, Emeis et al., 2011].  As shown in Emeis et al. 
[2011], the ceilometer and lidar observation network over the northern alpine region 
measured the leading edge of the ash cloud at 6 km - 7.5 km that gradually descends 
down to 2 km as the ash cloud passed.  The leading edge of the ash cloud is also 
characterized by a thinner (approximately 0.25 km) and weaker scattering signal, 
descending until 3 km - 4 km, when the scattering signal is much stronger and the 
cloud is notably thicker (approximately 0.5 km).  These observations match those 
seen by CALIOP over this region [Winker et al., 2012].  These observations are better 
captured in the revised simulation than in the baseline simulation.  The plume top 
plots show that the leading filament is at a higher altitude then the following 
filament.  In the baseline simulation, the leading filament has a plume top from 3 km 
to 6 km, whereas the revised simulation places the leading filament higher, at 5 km - 
7 km.  The trailing filament is at the same plume top altitude in both simulations, 2km 
- 3.5 km.   The revised simulation also places more ash mass in the lower altitude, 
trailing edge of the ash cloud. 
3.8 Discussion 
 




volcanic ash cloud, local Keflavík, Iceland radar observations were used to initialize 
height-time dependence of the ash emission source term.  In this study, I used an 
inverse trajectory analysis to construct a revised emission source term, which 
improved agreement of the long-term ash dispersion simulation with satellite and 
ground-based observations. I show that neglecting Eyjafjallajökull volcanic ash 
emissions before 21:00 UTC on April 14th yields a better match with satellite and 
ground-based observations.  This alteration to the baseline ash emissions has the 
effect of removing 12 hours of the initial period of volcanic activity from the 
emission source term, where some of the highest radar observed plume heights were 
reported.    
Previous studies of the Eyjafjallajökull eruption have noted the discrepancy 
between the model simulations of volcanic ash and satellite and ground-based 
observations, particularly on the initial days of the eruption [Webley et al., 2012; 
Darce et al., 2011; Thomas and Prata 2011; Prata and Prata 2012]  Webley et al. 
[2012] and Thomas and Prata [2011] both suggest that this difference may be the 
result of thermal infrared (TIR) satellite observations limited sensitivity to the fine 
(less than 1 micron) and coarse (more than 30 micron) ash size or large mass loading 
making ash plume opaque to transmitted thermal radiation.  Though possible, this 
explanation would require significant portions of the initial ash cloud to be confined 
exclusively to size ranges where the TIR instruments lack ash sensitivity, specifically 
in the diameter range of 32 to 64 microns [Stohl et al., 2011] or smaller than 1 micron 
[Prata and Prata, 2012]. Recall that ash particles greater than 64 microns in diameter 




et al., 2012].  Furthermore, since the OMI UV-based Aerosol Index (AI) is sensitive 
to all ash sizes [Krotkov et al., 1997; 1999ab; Torres et al., 1998; Carn and Krotkov 
2016], the correlation between OMI, IASI and SEVIRI further suggests that satellite 
observations were observing the full extent of the ash cloud on April 15th.  It’s also 
possible that the full extent of the ash was possibly below the threshold of the satellite 
observations [Thomas and Prata 2012].  In a sense, this is always true since satellite 
instruments have a detection threshold limit.  However, my results suggest that any 
emissions before 21:00 UTC on April 14th would have had a significantly lower 
impact on the long-range ash transport than the emissions observed afterwards.  This 
would be very counterintuitive since the initial hours of the eruption marked the 
highest sustained plume top altitudes.     
 Other studies have noted errors in modeling the timing of the ash cloud, where 
the modeled ash cloud arrives at UK on April 16th, but 13 hours too early [Darce et 
al., 2012]. Emeis et al., [2012] also notes an early arrival of the modeled ash cloud, 
but by only a few hours. Darce et al. [2012] suggested that errors in model 
meteorology (i.e., the wind fields) may explain the differences between the modeled 
and observed ash timing.  While generally true, the revised emissions present a 
specific correction to the volcanic source term that yield better agreement with 
satellite observations, despite the uncertainties in the meteorology.  
The results from my analysis are not meant to imply that the eruption did not 
begin until 21:00 UTC.  The Keflavík radar did indeed observe the volcanic plume 
starting at 09:00 UTC on April 14th and this aligns with other local reports 




ash was transported far downwind of Eyjafjallajökull until after 21:00 UTC on April 
14th.  Understanding exactly why this might be the case is beyond the scope of this 
study, but I offer some insight into possible reasons.  
As noted previously, the radar observations tend to be more sensitive to larger 
ash particles (> 64 microns) [Marzano et al. 2011].  In this study, as with others, it’s 
assumed that the radar observed plume top is representative of all ash particles in the 
volcanic plume.  The ash size distribution is also assumed constant throughout the 
duration of the eruption.  It’s possible that the early phase of the eruption was 
dominated by coarse ash particles too large to undergo long-range transport.  Radar 
observations are generally less sensitive to the fine ash, which has lower 
sedimentation velocities and could be transported over large distances.    
The eruption of Eyjafjallajökull began underneath a 200 m thick glacier 
[Gudmundsson et al., 2012], which subsequently melted, allowing the volcano to 
erupt plumes of ash and SO2 into the atmosphere.  It seems plausible that the 
beginning of the eruption was marked by a volcanic plume dominated by steam, full 
of hydrometeors that potentially acted to rainout ash [Textor et al., 2006a,b] and 
quickly oxidize SO2.   Gudmundsson et al., [2012] notes that during the beginning of 
the eruption, on April 14th - 15th, the eruption plume varied in color from white to 
dark grey, suggesting a steam-rich or ash-rich plume, respectively.  Although 
Gudmundsson et al., [2012] doesn’t comment on the timing of these variations, 
MODIS observations from 14:30 UTC on April 14th show a white volcanic plume 
emitted from Eyjafjallajökull in Figure 3.10a.  This is in stark contrast to the dark 




steam volcanic plume observed on April 14th was not operationally flagged as ash by 
Support to Aviation Control Service (SACS website: http://sacs.aeronomie.be) 
[Brenot et al., 2014].  Gudmundsson et al., [2012] also notes that the most intense ash 
fallout began at 18:30 UTC on April 14th, which is close to the time this study has 
identified as the beginning of the long-range ash transport.  Aggregation processes 
also limit the long-range transport of volcanic ash by enabling premature 
sedimentation of fine ash. Observations by Taddeucci et al., [2011] estimated that 
aggregation processes contributed to a ten-fold increase in ash mass sedimentation 
rates for the Eyjafjallajökull eruption.  Though it should be noted that Taddeucci et al. 
[2011] looked at later periods of the eruption, in May 2010.   
For the reasons previously stated, it seems plausible that during the initial 
hours of the Eyjafjallajökull eruption, the volcanic plume was steam-rich, enabling 
aggregation processes that caused premature sedimentation of fine ash.  Later, on 
April 14th, the composition of the volcanic plume changed, allowing for the long-









observations of the 
Eyjafjallajökull 
volcanic plume.  The 
top panel (a) shows a 
white, predominantly 
steam plume extending 
from the volcano on 
April 14th from 12:50 to 
14:30 UTC.  The bottom 
panel (b) shows the dark 
gray ash dominated 
plume extending from 
the volcano on April 15th 
from 11:50 UTC to 
13:30 UTC. 
 
The results of this work help explain why the London VAAC Volcanic Ash 
Advisories (VAAs) during the initial period of the eruption appear to overestimate the 
extent of the volcanic ash cloud.  The VAA’s were generated using the Numerical 
Atmospheric-dispersion Modeling Environment (NAME) and source terms derived 
from the Keflavík radar plume top observations [Webster et al., 2012].  Based on my 
analysis, the direct use of radar observations to initialize ash dispersion model 
simulations would have greatly contributed to the overestimation of the ash cloud 
extent in VAA forecasts.  The revised simulations collapsed the extent of the ash 
cloud, yielding a better agreement with satellite observations.  It’s true that during the 
early stages of the Eyjafjallajökull eruption, the VAAC VAAs were based on an “any 
possible ash” restriction and have since pushed for more quantitative 
forecast.  However, this would not have changed the extent of the overestimate of the 




forecast would have led to similar extent of ash, since the source terms would still 
overestimate the timing and height of the Eyjafjallajökull ash emissions being 
transported away from the volcano.   
Further implications of the results presented in this study center on the 
quantification of the mass of the airborne ash emitted from the Eyjafjallajökull 
eruption.  By removing the higher altitude plume top observations from the ash 
emissions, the total ash mass in the revised simulation was significantly lower than in 
the baseline simulation.  If the revised ash emissions are indeed a more accurate 
representation of actual fine ash emissions, then current dispersion modeling studies 
will have greatly overestimated the fraction of fine ash emitted from the 




Forecasts of the Eyjafjallajökull ash cloud led to mass airspace cancellations, 
resulting in eased restrictions on the threshold concentrations of ash that were deemed 
safe for aviation.  In this study, I reconstructed the Eyjafjallajökull ash cloud using 
ash emission source terms similar to those used in the original ash forecasts and 
further used by many later studies.  The ash cloud transport was simulated using the 
newly developed ash modeling capabilities of GOCART within GEOS-5.  The plume 
top altitude time series observed by the Keflavík C-band weather radar was used to 
define the initial ash cloud height, and the MER-height relationship was used to 




simulations were produced that generally agreed with the ash forecasts at the time of 
the eruption and with many other papers that followed a similar methodology.   
 Satellite observations of the Eyjafjallajökull ash cloud’s location on April 15th 
2010 didn’t match simulations of the ash cloud’s horizontal extent.  Backward 
trajectory analysis of the satellite observations suggests that volcanic ash clouds did 
not begin adverting away from the volcano until 21:00 UTC on April 14th, over 12 
hours later then the radar observations suggest.  The ash emission source terms were 
refined using the emission timeseries estimated from the backward trajectory analysis 
and another set of ash simulations were made using these refined emission source 
terms.  The refined ash simulations reduced the horizontal extent of the ash cloud, 
coming into a better agreement with satellite observations.   
The results from this study suggest that any ash from the initial hours of the 
Eyjafjallajökull eruption did not transport far away from the volcano.  The model 
simulations that used the radar observations to directly construct ash emission source 
terms (1) overestimate the extent of the Eyjafjallajökull ash cloud by initializing the 
volcanic cloud to early into the atmosphere and (2) overestimate the ash mass loading 
since the radar observed the highest plume top altitudes at initial hours of the 
Eyjafjallajökull eruption, which the MER-height relationship translates into much 
larger ash emission fluxes.  
I have proposed several theories as to why the radar plume top observations in 
the initial phase did not accurately characterize the emission source terms for fine ash.  
For example, the radar instrument is not sensitive to fine ash so it is possible that little 




the eruption.  It is also plausible that the initial Eyjafjallajökull volcanic plume was 
dominated by steam and contained little ash initially.   
Regardless of the reason, these results highlight the need for better 
characterization of ash emission source terms.  The radar plume top observations 
provided unprecedented temporally resolved ash plume top observations, but lacked 
information about the ash initial particle size distributions.  At the time of the 
eruption, the radar observations were assumed to be describing both fine and coarse 
ash.  Many publications noted throughout this chapter also made this assumption, 
leading to ash cloud simulations that greatly overestimate the extent of the 
Eyjafjallajökull on the initial days of the eruption.   
This chapter has highlighted the importance of understanding the limitations 
of volcanic plume and cloud observations.  In the next chapter, I further my 
investigation into the limitations of volcanic cloud observations by constructing an 
experimental setup to evaluate the accuracy and limitation of the OMPS SO2 
retrieval.   
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Observations play a vital role in quantifying the emission source terms 
describing the initial state of volcanic clouds.  Maps of the SO2 total column density 
from UV observations have frequently been used to quantify the amount of SO2 
emitted from volcanic eruptions and estimate a volcanic SO2 emission flux used in 
model simulations [Wang et al, 2013, Hughes et al., 2012; Hughes et al. 2016, 
Flemming et al., 2013, Krotkov et al., 2010; Carn et al., 2009; Carn et al., 2015].  
Current UV SO2 retrievals do not [explicitly] consider the potential effects of aerosols 
when computing the SO2 total column densities.  While not all volcanic clouds 
produce large masses of volcanic ash and sulfate aerosols, some volcanic eruptions 
have produced volcanic clouds with large aerosol loadings, such as in the 1991 
eruption of Mt. Pinatubo [Guo et al., 2004].  In this study, I seek to investigate and 
quantify possible biases that volcanic aerosols may impose on the OMPS SO2 
retrieval.   
I perform an Observing System Simulation Experiment (OSSE) to evaluate 
the effects of aerosols on the OMPS SO2 retrieval.  OSSE’s have frequently been 
used to evaluate the influence of satellite observations on meteorological data 
assimilation systems [Errico et al., 2013].  In this study, I construct an OSSE in a 




simulated and a radiative transfer model is then used to generate top-of-the-
atmosphere (TOA) radiances to serve as input the OMPS SO2 retrieval.   
In the following section, I give a general overview of the OSSE setup and note 
some of the models used in this study that have yet to be discussed.  This is followed 
by a discussion of the nature runs, detailing the setup and results of the simulations.  
The observation simulator is then discussed, followed by an analysis of the SO2 
generated from OMPS retrieval.  
 
 
4.2 OSSE Methodology  
 
The goal of the OMPS SO2 OSSE is to evaluate the accuracy of the OMPS 
SO2 retrieval and better understand its limitations.  Performing an OSSE allows 
inputs to OMPS SO2 retrieval to be controlled and the retrieval output checked under 
various conditions.  The OSSE consists of three parts, (1) the nature run, (2) the 
observation simulator, and (3) the retrieval evaluation.  The retrieval evaluation can 
also be considered the experiment part of this OSSE, as this OSSE is being setup the 
evaluate the OMPS SO2 retrieval.  
In the nature run, the atmospheric composition is simulated using an Earth 
system model.  For this study, I use the GEOS-5 Earth system model to simulate the 
general state of the atmosphere and the GOCART and Community Aerosol and 
Radiation Model for Atmospheres (CARMA) [Toon et al., 1988; Jensen et al., 1994; 
Ackerman et al., 1995] models to simulate chemical and aerosol species within 
GEOS-5.  The GOCART model is used to simulate the transport of SO2, and the 




sectional aerosol and cloud microphysical model CARMA.  I use CARMA to model 
volcanic ash and the sulfate aerosols that are produced by oxidation of SO2 from 
GOCART.  CARMA has previously been used to model dust [Colarco et al., 2004, 
2014], smoke [Matichuk et al., 2007, 2008] and sulfate aerosols [English et al., 2011, 
2012].  In this study, CARMA is used to model ash in manner similar to how 
GOCART modeled ash in the previous chapter.  The only microphysical process that 
affects ash in CARMA is sedimentation, whereas sulfate aerosols also undergo 
nucleation, coagulation, and condensational growth.  The primary benefit of using 
CARMA to model aerosols in this study instead of GOCART is that CARMA 
contains a larger number of size bins and that permit a more realistic characterization 
of the ash and sulfate aerosol size distribution. 
  As the focus of this experiment is on OMPS SO2 column observations of 
volcanic clouds, the GEOS-5 model will be used to simulate the dispersion of a 
volcanic cloud produced from an explosive volcanic eruption.  For this OSSE, I 
simulate the volcanic clouds emitted by the 1991 eruption of Mt. Pinatubo.  It should 
be noted that it is not necessary to reconstruct a volcanic simulation based on an 
actual volcanic eruption.  I could have constructed a fictitious volcanic eruption for 
this experiment, but a realistic simulation was chosen for other collaborative research 
efforts that are beyond the scope of this work.   
 The GEOS-5 nature run is used to simulate 3D fields of ozone, SO2, sulfate 
aerosols, and volcanic ash. In order to generate synthetic radiances, as input for the 
OMPS SO2 algorithm, an observation simulator is needed.  The observation simulator 




scattering optical properties, and then uses a radiative transfer model to simulate the 
top-of-the-atmosphere (TOA) radiances that would be observed by the OMPS 
instrument.  For this experiment, the state-of-the-art VLIDORT (Vector LInearized 
Discrete Ordinate Radiative Transfer) [Spurr 2006] radiative transfer code is used.  
VLIDORT is used to generate radiances at the wavelengths channels used in the 
OMPS SO2 MS_SO2 algorithm [Bhartia et al., 2016; Fisher et al., 2017].  The 
MS_SO2 algorithm is similar to the BRD and LF SO2 retrieval previously described 
but has been adapted to work across multiple UV instruments (TOMS, OMI OMPS). 
The generated radiances are used as input to the OMPS MS_SO2 algorithm and 
compared to the GOCART column SO2 fields used to generate the radiances.  This 
experiment looks at the effects of volcanic ash and sulfate aerosols on the OMPS SO2 
retrieval by comparing the SO2 computed by the retrieval to the SO2 from the nature 
run.  Different nature runs are generated in order to evaluate the OMPS SO2 retrieval 
under scenarios of no aerosols, sulfate aerosols and both ash and sulfate aerosols.  
The current experiment setup only simulates “clear-sky” conditions.  
 
 
4.3 Nature Runs 
 
4.3.1 Setup  
 
The first part of the OMPS SO2 OSSE consists of a “Nature Run”, where the GEOS-5 
model is used to simulate the dispersion of a volcanic cloud produced from an 
explosive volcanic eruption.  The goal of a nature run is to construct a realistic 




a dispersed volcanic cloud.  Two nature runs are constructed for this experiment, one 
assuming a volcanic plume consisting of volcanic ash, sulfate aerosols, and SO2, and 
a second assuming only sulfate aerosols and SO2.  This chapter includes various 
contrasts between these two nature runs, and thus I will use the shorthand NRash+sulfate 
to refer to the nature run that includes ash, sulfate aerosols, and SO2, and NRsulfate to 
refer to the sulfate aerosols and SO2 only scenario.  A summary of the nature run 
setups is outlined in Table 4.2.  
 




The SO2, sulfate and ash emissions in Table 4.2 were chosen to be representative of a 
Pinatubo-like volcanic eruption in the mass, composition, injection altitude and 
timing.  The total masses of SO2 and sulfate were taken from estimates by Guo et al. 
[2004a].  The ash mass was initially assumed to be 50,000 kt, in accordance with Guo 
et al. [2004b], but provided unrealistic results when GEOS-5 was run online.  The 
50,000 kt ash mass loading produced rapid lofting of the volcanic cloud that pulled 
ozone poor air from the troposphere into the volcanic plume.  While self-lofting of 
the ash cloud should be expected, this mass loading of ash produced aggressive 
lofting that resulted in a significant ozone hole within the volcanic cloud that was 




produced a less substantial ozone hole that was within a range acceptable for the 
OMPS retrieval.  The 5,000 kt ash mass was used as total ash mass for the NRash+sulfate 
simulation.   
    An altitude distribution of 18 km – 21 km is assumed, similar to the altitude ranges 
used in other Pinatubo modeling studies [Aquila et al. 2012; Niemeier et 
al., 2009; Sekiya et al. 2016].  For all species, the initial injection altitude profile 
assumed a uniform distribution from the plume top to the plume bottom.    
The largest eruption from 1991 Mt. Pinatubo eruptive event began on June 
15th at 05:42 local time (13:42 UTC) and lasted for 9 hours [Wolfe and Hoblitt, 
1996].  The model simulations begin at 06:00 UTC on June 15th 1991, and assume a 
9 hour duration of the emissions.  The emission flux over this period was computed 
by assuming a constant flux rate for each emission species, where the integrated sum 
equals the total injection amounts previously stated.    
The initial ash particle size distribution assumed in NRash+sulfate is shown in 
Figure 4.11, which is based off the ash distribution used by Niemeier et al., 
[2009].  The ash particle size distribution follows a log-normal distribution with 
mean, m = 2.4 µm, and standard deviation, s = 5.7 µm.  The ash density is assumed 
2,700 kg/m3 across all size bins.  In GOCART, the sulfate aerosols are assumed to 
have a radius r = 0.60 µm, which can evolve in CARMA between r = .0002 µm to r = 







Figure 4.11 Size distribution for the ash particles used in the nature runs. 
 
 
  GEOS-5 is run in forecast mode, initialized with meteorological and 
atmospheric composition fields from the MERRA-2 analysis.  The CARMA and 
GOCART modules were run online within GEOS-5 with the CARMA aerosols 
radiatively coupled to the AGCM. The large column ash loadings at the volcano 
during the period of the simulated eruption in combination with the model radiative 
coupling cause numerical problems at high model horizontal resolutions.  To get 
around these problems, the initial 42-hour period of the model simulation was run at a 
coarse cubed-sphere grid at a c90 horizontal resolution (~ 1o x 1o), until June 16th 
15:00 UTC.  The remaining duration of the model simulation was run on a finer 
resolution, on a cubed-sphere grid at a c360 horizontal resolution (~25 km) and with 
72 vertical layers.  The GEOS-5 nature runs were simulated for the period of June 




intervals.  The ozone fields were taken from the StratChem module [Pawson et al. 




The nature run parameters that will have the greatest influence on changes in 
the BUV radiance, and subsequently the OMPS retrieval, are the volcanic 
species ash, SO2, and sulfate aerosols, as well as atmospheric ozone.  The 
evolution of these species in the nature runs NRsulfate and NRash+sulfate is shown in  
Figure 4.12 through Figure 4.15.  Aside from the absence of ash in NRsulfate, the 
nature runs were both simulated with identical initial conditions and radiative 
coupling.  
Figure 4.12 - Figure 4.15 show clear differences between the nature runs, mainly, (1) 
a difference in observed volcanic cloud transport, (2) larger total column SO2 and 
sulfate values in the NRsulfate run, and (3) an ozone reduction associated with 



























Figure 4.12 Transport of SO2 in the nature runs.  The left panels show the 
dispersion of SO2 in NRash+sulfate, while the right panels show the progression for 
NRsulfate.  The panels show the vertically integrated column loading of SO2 at 
























Figure 4.13  Transport of sulfate aerosols in the nature runs.  The left panels 
show the dispersion of SO2 in NRash+sulfate, while the right panels show the 
progression for NRsulfate.  The panels show the vertically integrated column loading 


















   NRash+sulfate  
 
 
Figure 4.14 Transport of volcanic ash in the nature runs.  The panels show the 
dispersion of ash in NRash+sulfate.  The panels show the vertically integrated column 




















Figure 4.15  Distribution of column ozone in the nature runs.  The left panels 
show the atmospheric ozone in NRash+sulfate, with NRsulfate shown in the right panels.  
The panels show the vertically integrated column loading of ozone at 12:00UTC on 
June 17th, 18th, and 19th. 
 
The differences between the two nature runs can be better understood by 
investigating the role of volcanic ash in the NRash+sulfate simulation.  Since these 
model simulations are run “online”, the volcanic ash induced radiative lofting of 
the volcanic cloud in NRash+sulfate.  This lofting can be seen in the vertical 
component of the wind field, w.  To look exclusively at the influence of radiative 
lofting on the wind fields, the winds field differences between the nature run 
with ash, NRash+sulfate, and the nature run without ash, NRsulfate, are investigated.  
Figure 4.16 shows the difference between the w fields from NRash+sulfate and 
NRsulfate, for a cross-section at 15o latitude and from 40o to 120o longitude, the 
same longitude range as in the plots shown in  
Figure 4.12 - Figure 4.15.  The differences in the w fields show increased 




4.6c, in the range of 19 km to 21 km.  The increased vertical velocities in NRash+sulfate 
entrained ozone-poor air masses upwards, from the troposphere into the 
stratosphere.  This is demonstrated in Figure 4.16a, where ozone-poor air masses 
from lower altitudes are pushed upwards, displacing ozone-rich air masses.  The 
lofting of ozone-poor air upwards with the volcanic cloud results in a reduction of the 
total vertical column of ozone observed within the volcanic plume, compared to total 
vertical column ozone outside of the plume.  This is exactly what was observed in 






Figure 4.16 Upward entrainment of ozone poor air.  A cross-section of the 
ozone field in the NRash+sulfate run is shown in (a).  Panel (b) shows the difference in 
vertical wind velocities between the NRash+sulfate and NRsulfate runs.  A vertical cross-
section of the SO2 cloud is shown in (c).  All cross-sections are shown for the 15o 







 In addition to the lofting associated with the volcanic cloud, the w differences 
also show an increased downward vertical velocity at altitudes above the volcanic 
cloud, followed by increased vertical velocities at even higher altitudes (23 km - 24 
km). The differences in the vertical wind fields do not persist for long, by June 17th 
there are only minor w differences associated with the volcanic cloud.   
 The adjustment to the vertical velocities caused by volcanic ash radiative 
heating further induced a modification to the horizontal wind fields, u and v.  The 
modifications to the horizontal wind fields produced a more lasting adjustment to the 
meteorology that influenced the volcanic cloud transport differences observed in  
Figure 4.12 - Figure 4.15.  In FiguresFigure 4.17Figure 4.18, the differences in the 
horizontal wind fields, u and v, between the NRash+sulfate and NRsulfate are shown for 
the model layers at approximately 18 km - 19 km and 21 km - 22 km.  At the 18km - 
19 km layer, the ash lofting induces a cyclonic flow consistent with a low pressure 
located below the volcanic cloud.  The cyclonic system follows along with the 
volcanic cloud throughout the simulation, with dissipating strength and increasing 
extent.  Conversely, at the 21-22 km layer, the lofting induces an anticyclonic flow 
associated with a high-pressure system. The anticyclonic flow similarly follows along 







Figure 4.17 Influence of ash lofting on horizontal wind fields.  The differences 
between the NRash+sulfate and NRsulfate  (u,v) components of the wind field are 
shown, for model level =  36 (approximately 18.8 km).  Panels are shown for June 





   
Figure 4.18 Influence of ash lofting on horizontal wind fields.  The differences 
between the NRash+sulfate and NRsulfate (u,v) components of the wind field are shown, 
for model level =  33 (approximately 21.5 km).  Panels are shown for June 16th 





The anticyclonic flow appears to have induced an upper level downward 
w flow between 21 km – 23 km, as seen in Figure 4.16.  This upper-level downward 
flow has the effect of limiting the lofting potential of the volcanic cloud.  The 
simulations of SO2 in the two nature runs yield different transport patterns, see  
Figure 4.12.  The SO2 plume in NRash+sulfate rotates in an apparent anticyclonic 
motion, similar to what was observed in the wind field difference maps, Figure Figure 
4.18.  Thus, the ash radiative lofting did indeed cause the differences between the SO2 
transport in the nature runs.   
Figure 4.12 also seems to suggest less SO2 in NRash+sulfate. This is not the case, 
as integration of the columns reveals (Figure 4.19).  I understand the difference as a 
result of (a) a more dispersed (sheared) plume in NRash+sulfate and (b) vertical 
displacement of the plume to higher altitudes in NRash+sulfate which have less OH and 
thus less destruction of SO2. This also suggests less sulfate in NRash+sulfate, Figure 
4.19b. 
 











Figure 4.19 Loss and production of SO2 and sulfate aerosols.  The evolution of 
the SO2 total mass is shown in the top panel, for both nature runs.  The sulfate 
aerosol total mass is similarly shown in the bottom panel 
 
 Much of the discussion thus far has focused on the ash induced lofting, but 
sulfate aerosols can also loft volcanic clouds.  The vertical structure and subsequent 
lofting of the SO2 clouds is shown in Figure 4.20.  Both nature runs initialized the 
volcanic cloud evenly between 18 km - 21 km. By June 16th at approximately 15z 
(24 hours after the eruption), the SO2 cloud was vertically distributed between 20 km 
– 23.5 km in the NRash+sulfate simulation and 19 km – 22 km in NRsulfate.  By the end of 
the simulation on June 20th at 12z, the SO2 cloud in NRsulfate had lofted upwards to 24 




SO2 cloud lofted to 22.5 km – 26 km by June 20th 12z.  When compared to the 
initialization altitude, NRsulfate SO2 cloud lofted 1 km – 1.5 km and NRash+sulfate lofted 







Figure 4.20 Lofting of SO2 in the nature runs.  The left panels show cross-
section through the SO2 plume at three different times: June 16th 15:00UTC 
(magenta contours), June 18th 12:00UTC (blue contours), and June 20th 12:00UTC 
(green contours).  The right panels show the vertical mass distributions of the entire 
SO2 plume, for the same times and associated colors as in the left panels.  The top 









4.4 Observation Simulator 
 
4.4.1 Setup  
 
The observation simulator serves to construct synthetic observable quantities based 
on input from the nature run.  For the OMPS SO2 Retrieval OSSE, the volcanic cloud 
nature runs provide profiles of gases and aerosols.  The observation simulator is 
primarily driven by the radiative transfer model VLIDORT [Spurr, 2006], which is 
used to simulate synthetic TOA BUV radiances, the input for the OMPS SO2 
retrieval.  The results of the nature run are pre-processed before they can be used as 
input to VLIDORT.  The nature run preprocessing consists of (1) regridding results 
onto the spatial location of the OMPS pixels using a sample orbit, (2) computing 
optical properties of the simulated aerosols, and (3) computing the column ozone and 
SO2 extinction as observed by the OMPS instrument.  VLIDORT is then used to 
generate TOA BUV radiances at 11 wavelengths [312 nm, 317 nm, 322 nm, 325 nm, 
331 nm, 340 nm, 354 nm, 360 nm, 380 nm, 388 nm, 471 nm].  However, further 
discussion focuses on results at the wavelengths used by the OMPS SO2 retrieval 
[317 nm, 331 nm, 340 nm, 380 nm]. 
The nature run results are interpolated to orbital swaths using OMPS 
observations from June 16th - 19th 2016.  A select number of orbital files from this 
time range where used templates, providing geolocation information observation 
simulator.  The date information in these OMPS orbital files are altered to reflect 
measurements at the time of the nature runs, i.e. during 1991 instead of 2016. A bi-
linear interpolation scheme is used to interpolate the nature run parameters across 




orbital files used as templates in this study.  This results in a set of nature run orbital 
files which complement each of OMPS orbital files used in the experiment, 
containing the profiles of parameters simulated in the nature runs.  The OMPS 
observations also provide the satellite viewing geometry, needed by VLIDORT to 
construct TOA radiances at the instrument viewing angles.    
 The optical properties of the ash and sulfate aerosols are quantified in terms of 
their mass extinction efficiency, single scattering albedo, asymmetry factor, and 
Legendre polynomial moments of the polarized phase function.  These properties are 
estimated from lookup tables computed from the Mie theory code of Wiscombe 
[1980], for sulfate aerosols, and non-spherical optics after Colarco et al. [2014], for 
volcanic ash.  The optical properties are computed for each of the ash and sulfate size 
bins and then integrated across each species.  For each bin, a log-normal size 
distribution is assumed.  The optical properties are computed for the 4 wavelengths 
used in the OMPS SO2 retrieval.    
Simulating the TOA radiances requires an estimate of the Earth’s surface 
albedo.  In this study the TOMS UV surface albedo climatology is used, which is also 
used in the OMPS Aerosol Index retrieval [Flynn et al., 2014].  The TOMS UV 
surface albedo climatology is compiled at wavelengths: [331 nm, 340 nm, 354 nm, 
360 nm, 378.5 nm, 380 nm] which are assigned wavelengths used in this study by a 
“nearest neighbor” approach. 
The nature runs simulate profiles of SO2 in the atmosphere which are used by 
the observation simulator to generate synthetic BUV TOA radiances, but this is not 




construction of the instrument affects the amount of light that the instrument sensors 
are able to view.  The OMPS slit function is used to understand the relationship 
between radiance measurements by the instrument and the magnitude of the radiance 
actually viewable by the instrument sensor as a function of nominal wavelength.  In 
this analysis, the SO2 and ozone absorption cross-sections are used to compute the 
extinction due to the total column SO2 and O3 from the nature runs.  The total column 
SO2 and ozone extinction is then convolved with the OMPS slit function for the 4 
wavelengths used in this study. 
In the previous section, two nature runs were performed to contrast an 
eruption with and without volcanic ash.  The observation simulator can further 
discriminate different volcanic cloud scenarios by excluding various components of 
the nature run from the observation simulator.  For example, for both nature runs, the 
observation simulator can ignore the volcanic ash and sulfate aerosols to create 
“aerosol free” synthetic radiances.  Removing the aerosols in this fashion provides a 
baseline of synthetic radiances that are more in line with the retrievals assumption, 
providing a sort of “best case” scenario in favor of the retrieval.  The various 
observation simulator output scenarios are shown in Table 4.3.    
 
 









Trace gases and aerosols have different and sometimes competing effects to the TOA 
BUV radiance.  In the OMPS OSSE, these effects are explored by comparing the 
results of the observation simulator under the various input conditions shown in Table 
4.3.  Both ash and sulfate aerosols are only simulated in NRash+sulfates, so only this 
nature run is used to investigate the relative effects of ash and sulfate aerosols on the 
TOA BUV radiances.  The effects of the SO2, sulfate and ash on the TOA BUV 
radiance specifically at 317 nm are shown in Figure 4.21.  The aerosol free radiances 
in Figure 4.21a show a reduction is radiance due to absorption by the volcanic 
SO2.  In order to look at the sulfate aerosol contribution to the radiance, the radiance 
difference for OSsulfate – OSNo Aerosols is shown in Figure 4.21b.  The radiance 
difference shows that sulfate aerosols have the effect of increasing the radiance.  This 
behavior is expected since enhanced scattering should increase the observable 
backscatter radiance and sulfate aerosols are largely scattering aerosols. The effect of 
volcanic ash on the radiance is shown in Figure 4.21c, showing the radiance 
difference OSash+sulfate - OSsulfate.  This radiance difference shows that volcanic ash 
contributes to a reduction in the TOA BUV radiance.  This behavior is opposite of 
that seen by sulfate aerosols but is consistent with the absorbing properties of the ash, 
and thus produces a reduction in the backscatter radiance.  These results suggest that 
sulfate aerosols and volcanic ash have competing effects, where the sulfates tend to 









Figure 4.21 Synthetic BUV TOA radiances at 317nm.  The TOA normalized 
radiances for NRash+sulfate for the no aerosols case is shown in (a).  The 
contribution of the sulfate aerosols to the radiances is shown in (b), as the 
normalized radiance difference between the sulfate minus no aerosols run.  The ash 
contribution is then shown in (c) as the normalized radiance difference between 
ash+sulfate minus sulfate. 
 
 Individual pixels are investigated in order to take a closer look at how the 
radiance changes at increasing SO2 column loadings, and across the four wavelength 
channels used in the OMPS SO2 retrieval.  The pixels of interest are plotted in Figure 
4.22.   For each of these pixels, the OSNo Aerosols, OSsulfate and OSash+sulfate radiances are 




NRash+sulfate.  Similar to Figure 4.21, the difference between the OSNo Aerosols and 
OSsulfate curves represent the contribution of the sulfates to the radiance, and the 
difference between the OSsulfate and OSash+sulfate curves represents the contribution of 
the ash to the radiance.  The radiance curves for three different SO2 column loadings 
are shown in Figure 4.22, for a low column SO2 loading (DU = 5), medium column 
SO2 loading (DU = 54), and high column SO2 loading (DU = 176).    
 At low column SO2 loading, Figure 4.22d, the radiance curves are all 
generally the same.  This makes sense given that the ash and sulfate aerosols 
generally travel with the bulk mass of the volcanic cloud, so lower column 
mass pixels mainly reflect Rayleigh scattering and gas absorption.  The radiance 
curve show more deviation at the medium column loading, Figure 4.22e.  As 
previously seen in the Figure 4.21, the sulfate aerosols tend to elevate the radiances, 
though at all wavelength channels.  Similarly, the ash tends to reduce the radiance 
across all wavelength channels.  The net effect of the ash and sulfate aerosols results 
in a radiance increase across all OMPS channels, when compared to the no aerosols 
case.  At the high column SO2 loading, Figure 4.22 f, ash and sulfate aerosols produce 
similar responses as seen in the medium column loading pixel but yield a different net 
effect.  In the high column loading pixel, the competing effects of the ash and sulfate 
aerosols yield net radiances that are actually lower than the no aerosol radiances, at 
the 331 nm and 340 nm channels.  This result is important because it highlights that 
the effects of sulfates and ash can result in enhanced or reduced TOA BUV radiances, 
when compared to the no aerosol radiances.  This result implies that ash and sulfate 




SO2 retrieval, by altering the amount SO2 absorption the retrieval assumes to 









Figure 4.22 Synthetic radiances across OMPS wavelengths.  The SO2, SO4, and 
ash loading three pixels is shown in a,b,c. In d,e,f the normalized radiances of each 
pixel for different OS cases are shown.  The normalized radiances are shown at 317 
nm, 331 nm, 340 nm, 380 nm.  The radiances are shown for the no aerosols case 




4.5 Experiment Results 
 
Synthetic BUV TOA radiances are generated for both Nature Runs detailed in Section 
4.3 and the various Observations Simulation conditions from Table 4.3.  The OMPS 
SO2 retrieval is processed from synthetic radiances for June 17th, 18th, and 







Figure 4.23 OMPS SO2 orbits from synthetic radiances.  The maps above show 
all the OMPS SO2 orbits generated for this study.  The OMPS SO2 displayed above 
were generated for NRAsh+Sulfate, OMPS SO2 orbits were also generated for NRsulfate. 
 
The accuracy of the OMPS SO2 retrieval is evaluated by comparing the 
column SO2 estimated by the OMPS SO2 retrieval, or retrieval SO2, with the nature 
run column SO2 values used to generate the synthetic radiances, or model SO2. I 




radiance calculation, OSNo Aerosols, with the cases with sulfate aerosols, OSSulfate, and 
the cases with ash and sulfate aerosols, OSAsh+Sulfate.  The results begin with an 
analysis of SO2 generated by the OMPS SO2 retrieval for June 17th, then expand to 
consider the OMPS retrieval SO2 generated across all days. 
 
4.5.1 OMPS Orbit #01 
 
4.5.1.1 Observation Simulator with No Aerosols 
 
OMPS orbit #01 on June 17th intersects the volcanic plume the earliest in the 
simulation, sampling the simulated SO2 cloud at relatively high concentrations.  The 
analysis starts with this orbit as it provides synthetic radiances under a large range of 
SO2 column concentrations, providing a large sampling space to evaluate the OMPS 
SO2 retrieval.  For orbit #01, the OMPS SO2 retrieval is processed multiple times, 
using synthetic radiances that were generated from both nature runs, and under the 
observation simulator conditions: OSNo Aerosols, OSsulfate and OSash + sulfate.   
The OMPS SO2 retrieval generally assumes an aerosol-free observation, so 
the “no aerosols” condition should provide synthetic radiances that best match the 
conditions assumed by the OMPS SO2 retrieval.  In Figure 4.24, the input from both 
nature runs are considered, but the observation simulator assumes an aerosol free 
atmosphere, OSNo Aerosols.  The nature run SO2 is shown in Figure 4.24a for NR 
ash+sulfate and Figure 4.24d for NRsulfate.  The accompanying output SO2 from the 
OMPS retrieval is shown in Figure 4.24b and e, for NRash+sulfate and NRsulfate 
respectively.  In both nature run scenarios, the OMPS retrieval generally reproduces 




that, as shown previously, the NRsulfate produced higher SO2 column concentrations 
then in NRash+sulfate.  Comparison of the retrieval SO2 to the model SO2 is further 
demonstrated in the 1:1 plots in Figure 4.24 c and f.    
 
 
Figure 4.24 OMPS SO2 from aerosols-free radiances.  The NR SO2 is shown for 
NRash+sulfate (a) and NRsulfate (d).  The OMPS retrieval given the NRash+sulfate 
is shown in (b) and for NRsulfate in (e).  Scatter plots of the NR SO2 and OMPS SO2 





 At relatively low column SO2 concentrations, the OMPS retrieval closely 
reproduces the nature run SO2.  The 1:1 comparisons show a slight bias at for the 
OMPS retrieval to underestimate the nature run SO2 column concentrations by 
roughly 5 DU for both nature runs, but this bias acts as a constant offset at low 
concentrations.  For both nature run scenarios, there is a maximum column 
concentration where the OMPS retrieval begins to increasingly overestimate the SO2 
column.  In the NRsulfate, the OMPS retrieval overestimation starts to occur above 250 
DU - 300 DU.  The overestimation begins at much lower column concentrations in 
the NRash+sulfate, around 150 DU.    
 The primary differences between the nature run inputs for the OSNo Aerosols 
scenario are the in-plume ozone levels (lower in NRash+sulfate) and the SO2 plume 
height (higher in the NRash+sulfate).  Both of these differences affect the OMPS SO2 
retrieval.  Ozone absorption occurs at the same wavelengths as SO2 absorption, so the 
retrieval must partition the observed radiance reductions to either SO2 or 
ozone.  Incorrect partitioning can produce either more or less SO2 in the OMPS 
retrieval.  As previously mentioned, the OMPS retrieval assumes a center of mass 
altitude for the SO2.  For this study, the OMPS SO2 retrieval assumed a center of 
mass altitude of 18 km.  The altitude provides information about the degree of 
attenuation expected for the radiances.  When the OMPS retrieval underestimates the 
SO2 plume altitude, it overestimates the atmospheric attenuation and thus 
overestimates the SO2 column concentration.  In this case, the SO2 plume in the 
NRash+sulfate run has lofted a few kilometers higher in than in NRsulfate, so the OMPS 




in the ozone fields and SO2 plume altitudes, for moderate and low SO2 column 
densities there is good agreement between the model and retrieval.  This agreement 
demonstrates the ability of the OMPS SO2 retrieval to reproduce the model SO2 under 
the OMPS SO2 OSSE framework.  
 
4.5.1.2 Observation Simulator with Sulfate Aerosols 
 
The setup of the aerosol free analysis in the previous section is altered to included 
sulfate aerosols in the observation simulator, OSsulfate.  In Section 4.4, sulfate aerosols 
were shown to significantly affect the BUV TOA radiances.  The influence that 
sulfate aerosols have on the OMPS SO2 retrieval are shown in Figure 4.25.  The 
OMPS retrieval SO2 maps are shown in Figure 4.25 a and c, which show that the 
OMPS retrieval has estimated less SO2 than in the no aerosols OMPS retrieval in 





Figure 4.25 OMPS SO2 from radiances with sulfate aerosols.  The OMPS 
retrieval given the NRash+sulfate is shown in (a) and for NRsulfate in (c).  Scatter 
plots of the NR SO2 and OMPS SO2 are shown in the bottom panels, for the 
NRash+sulfate (b) and NRsulfate (d). 
 
 The 1:1 plots in Figure 4.25 b and d show that the SO2 reduction observed in 
the OMPS retrieval maps is the result of saturation-like effect in the retrieval, where 
the SO2 amount is increasingly underestimated at high model column SO2 
concentrations.  In NRash+sulfate, the OMPS retrieval underestimation starts at around 
150 DU - 200 DU, while this appears to occur bit higher in NRsulfate, at around 200 




the nature run SO2 following along the 1:1 line.  At very low column concentrations, 
the OMPS retrieval tends to slightly underestimate the SO2 amount, in a manner 
similarly seen in the no aerosols case.  This generally occurs below 50 DU.  Above 50 
DU and below the point of retrieval saturation, the OMPS retrieval tends to slightly 
overestimate the SO2 column concentrations.  This overestimation also slightly 
increases with increasing model SO2 amount.    
The effects of sulfate aerosols on the OMPS retrieval can be summarized as 
(1) producing retrieval saturation at high SO2 column densities and (2) causing the 
OMPS retrieval to slightly overestimate the SO2 column densities by as much as 10 
DU for NRash+sulfate and 15 DU for NRsulfate, when above 50 DU.    
 
4.5.1.3 Observation Simulator with Ash and Sulfate Aerosols 
 
The addition of volcanic ash to the synthetic radiances is now considered.  In 
previous sections it was observed that volcanic ash tends to have the opposite effect 
on the BUV TOA radiances than sulfate aerosols.  Volcanic ash reduced the 
magnitude the synthetic radiances at OMPS channels, though this effect was stronger 
for some channels than others.  In the Figure 4.26, the effects of the volcanic ash on 
the OMPS SO2 retrieval are shown.  Recall that NRash+sulfate is the only simulation 
with volcanic ash, so no results with NRsulfate are shown.  The OMPS SO2 map in 
Figure 4.26 a shows a slight reduction in the retrieval SO2, when compared to the 






Figure 4.26 OMPS SO2 from radiances with ash and sulfate aerosols.  The 
OMPS retrieval given the NRash+sulfate is shown on the left and a scatter plot of 
the NR SO2 and OMPS SO2 is shown on the right. 
 
 The 1:1 plot in Figure 4.26 is similar to the 1:1 plot from the only sulfate 
aerosols case, Figure 4.25b with a few key differences.  First, the point of saturation 
has decreased with the inclusion of volcanic ash, starting between 100 DU - 150 
DU.  Also, all the lower SO2 amounts have now shifted slightly below the 1:1 line, 
showing that the OMPS retrieval is now underestimating the SO2 column amount for 
all amounts.  Interestingly, at low SO2 values the effects of the ash and sulfate tend to 
combat each other and bring the retrieval SO2 bias in back into rough agreement with 
the “no aerosols” case.  
Investigating the relationship between sulfate aerosols and volcanic ash with 
the OMPS SO2 retrieval suggests that the sulfate aerosols are responsible for the 
largest deviation in the OMPS retrieval from the nature run SO2.  Figure 4.27 shows 
maps of the sulfate aerosols and volcanic ash from the nature runs, and the ratio of 




with high sulfate aerosols concentrations show the largest saturation of the OMPS 
SO2 retrieval.  The regions of high ash also appear in regions where the OMPS SO2 
retrieval is underestimating the SO2, but the correlation between high ash and 
retrieval saturation is not as clear.  This result is consistent with the previous results, 
where the effects of sulfate aerosols and ash on the TOA BUV were 
compared.  Figure 4.21 andFigure 4.22 showed that sulfate aerosols have a much 
larger effect on the radiances than volcanic ash.  It makes sense that this relationship 
would results in a greater and lesser effect on the OMPS SO2 retrieval, for sulfate 









Figure 4.27 Maps of ash and sulfate and their relative effects.  The sulfate 
aerosols and ash column loadings for NRash+sulfate are shown in the top panels, left 
and right, respectively.  A map of the ratio of OMPS SO2 to NR SO2 is shown in 
the bottom panel. 
 
The analysis of orbit #01 has given some insights into how aerosols effect the 
OMPS SO2 retrieval.  It would appear that both volcanic ash and sulfate aerosols 
cause the OMPS retrieval to underestimate the SO2 amount at high SO2 column 
concentrations, causing a saturation-like effect.  Aside from the high SO2 column 
concentrations, the sulfate aerosols cause the retrieval to overestimate the SO2 
amount, while volcanic ash caused the retrieval to underestimate the SO2 




greatly improved the results of the OMPS SO2 retrieval, coming into a better 
agreement with the nature run SO2 amounts.    
 
4.5.2 OMPS Viewing Angle 
 
The previous section investigated the relationships between ash and sulfate 
aerosols and the accuracy of the OMPS SO2 retrieval.  However, the satellite viewing 
angles can also influence the OMPS retrieval which would be difficult to analyze 
from a single OMPS orbit.  For instance, in orbit #01 much of the SO2 is located 
along the side of the orbit, at relatively high satellite viewing angles.  In order to 
untangle the effects of the viewing angle from the effects of aerosols on the OMPS 
SO2 retrieval this analysis is extended to multiple orbits.    
Extending the analysis to include all the orbits in Figure 4.23 provides a large 
set of OMPS SO2 observations retrieved at a variety of satellite viewing angles.  From 
this collection of orbits, 1:1 plots similar to those in Figure 4.24 - Figure 4.26 are 
shown, except now each point is color coded based on the pixel’s satellite zenith 
angle.  Figure 4.28 shows these 1:1 plots for NRsulfate with the sulfate observation 







Figure 4.28 Effects of satellite zenith angle on the OMPS SO2 retrieval.  The 
top panels show all OMPS SO2 pixels plotted against the nature run SO2 pixels, for 
NRsulfate on the left and NRash+sulfate on the right.  The bottom panels are the 
same as the top panels, but zoomed in on the lower SO2 column pixels. 
 
 
The color coding in Figure 4.28 shows that the OMPS SO2 retrieval shows the 
greatest degree of underestimation at large satellite zenith. This result is consistent at 
both high and low SO2 column concentrations.  For both nature run input conditions, 
the SO2 saturation at high column concentrations occurs at high zenith angles, with 




SO2 column amount.  Figure 4.28 displays a zoomed-in view of the SO2 pixels at the 
lower column amounts, showing that the OMPS retrieval underestimation for low 
SO2 column concentrations occurs as a direct offset which increases with increasing 
satellite zenith angle.   
    In the OSsulfate simulation, the OMPS retrieval tends to underestimate the SO2 
amount, but in some cases slightly overestimates the SO2 amount.  The inclusion of 
ash biases the OMPS SO2 to further underestimate the SO2 amount, with almost no 
cases of overestimation.  This result is consistent with that seen in the analysis of 




Volcanic clouds often contain mixtures of SO2, ash and sulfate aerosols.  In 
this study I constructed an OSSE to evaluate the influence of ash and sulfate aerosols 
on the OMPS SO2 retrieval using two nature runs, one assuming an eruption of SO2 
and sulfate aerosols, NRsuflate, and another assuming SO2, sulfate aerosols and 
volcanic ash, NRash+sulfate.  An analysis of these nature runs showed that the ash 
induced significant lofting in the NRash+sulfate simulation.  This lofting entrained 
ozone poor air from the troposphere upwards into the stratosphere, resulting in an 
apparent ozone hole within the volcanic plume.  The lofting also induced an upper 
level anticyclone the altered the transport path of the volcanic cloud, leading to 
different transport patterns then what was observed in NRsulfate.  The ash in 
NRash+sulfate caused the volcanic plume to loft by roughly 4 km over 5 days, compared 




 The observation simulator used the nature runs to compute TOA radiances.  In 
general, it was shown that SO2 and volcanic ash induce net reduction in the TOA 
radiances.  Conversely, sulfate aerosols caused a relative increase to the TOA 
radiances.  The magnitude of these effects varies depending on wavelength of the 
TOA radiance.  When no aerosols are included in the synthetic radiance calculation, 
the OMPS SO2 retrieval accurately reproduces the nature run SO2.  However, when 
the effects of sulfate aerosols are included in the synthetic radiances, the amount of 
SO2 estimated from the OMPS SO2 retrieval tends to increase at SO2 column 
densities > 50 DU, except at high SO2 column amounts which result in an SO2 
underestimation.  At low SO2 column densities, < 50 DU, the inclusion of sulfate 
aerosols produced negligible effects on the OMPS retrieval output.  Volcanic ash 
caused a general underestimation of the SO2 retrieval at all SO2 column values.  The 
ash and sulfate aerosols appear to have a neutralizing net effect, where their effects of 
over- and underestimation in the OMPS SO2 retrieval can cancel each other out at low 
SO2 column densities.  The satellite viewing angle also plays a large role in 
amplifying the effects of sulfate aerosols and ash on the OMPS SO2 retrieval.  The 
largest underestimation of the OMPS SO2 retrieval almost always occurred at high 
satellite zenith angles, regardless of the SO2 column density.   
These results highlight the importance of accounting for the effects of aerosols 
when using UV observations of SO2 to estimate the total mass of SO2 emitted from a 
volcanic eruption.  The effects of ash and sulfate aerosols on low SO2 column 
densities is mostly linear, while the effects at much higher SO2 column densities 




important since large volcanic eruptions tend to become the most studied volcanic 
eruptive events.  Understanding the limitations of UV satellite observations in these 
events will help inform researchers about the level of accuracy to expect when 
constructing volcanic SO2 emission source terms for large volcanic eruptions. 
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Chapter 5: CATS Near-Realtime Lidar Observations to Monitor 
and Constrain Volcanic Sulfur Dioxide (SO2) Forecasts 
5.1 Introduction 
 
Forecasting the transport of volcanic plumes for aviation hazards mitigation 
requires timely analysis of all available observations to initialize and refine ash 
dispersion forecasts and issue Volcanic Ash Advisories in the wake of a volcanic 
eruption.  UV spectrometers aboard polar orbiting satellites, like OMI [Levelt et al., 
2006]  and OMPS [Flynn et al., 2014], provide volcanic SO2 vertical column density 
maps, used to track the horizontal transport of volcanic SO2 clouds [Ialongo et al., 
2015; Carn et al., 2015, Li et al., 2017].  Observations from both satellite and 
ground-based Lidar instruments have been used to monitor and track the altitude of 
volcanic sulfate aerosols, often co-located with volcanic SO2, and ash clouds [Winker 
and Osborn, 1992; Sassen et al., 2007; Wiegner et al., 2012; Vernier et al., 2013].  
Satellite based lidars, like CALIOP [Winker et al., 2009], have frequently been used 
to study volcanic eruptions [Winker et al., 2012; Vernier et al., 2013], but largely as a 
verification tool [Eckhert et al., 2008; Hughes et al., 2012].  CALIOP has a small 
sampling footprint, and similarly, a long repeat cycle, that limits the likelihood that 
the lidar will intercept a volcanic cloud (see Section 4).  Furthermore, the data 
processing latency time for CALIOP is between 24 and 48 hours.  In tandem, these 
two factors make it unlikely that observations will be available within the first days of 
a volcanic eruption, limiting their application for near-real time volcanic cloud 




The CATS lidar onboard the International Space Station (ISS) was in 
operation from January 2015 to October 2017, and had an added benefit of near-real 
time product generation, i.e., within 3 – 6 hour latency. CATS utilized the ISS data 
downlinking capabilities, which transmit raw data to the CATS ground station from 
the ISS within seconds of collection using the Tracking and Data Relay Satellite 
(TDRS) network. Given interruption due to loss-of-signal (LOS) periods and 
processing of the CATS data, the latency time is about 3-6 hours [Yorks et al., 2016]. 
In contrast, CALIOP data is downlinked only once per day using X-band telemetry 
from Hawaii and Alaska ground stations.  Near-real time processing permitted the use 
of CATS data to be incorporated into the data assimilation and/or model initialization 
processes of aerosol forecast models and potentially improve model forecasts of 
volcanic cloud transport at an expedited timing that’s crucial for aviation hazards 
mitigation.  
On December 3rd 2015, passive instruments on the geostationary satellite 
Meteosat Second Generation (MSG) and various polar orbiting satellites observed 
large volcanic SO2 and ash plumes that resulted from the eruption of Mt. Etna 
volcano in Sicily, Italy.  Observations mapped the volcanic ash and SO2 transport 
towards the east.  The CATS lidar instrument observed the backscattering from the 
aerosols in the volcanic cloud, providing a near-real time direct observation of the 
volcanic cloud’s altitude.  This was the first time observations from CATS have been 
used to observe volcanic clouds and model volcanic plumes.  
 The ash in the volcanic cloud falls out to the ground in less than 24 hours, so 




secondary sulfate aerosols.  While ash is the primary hazard to aviation, SO2 is often 
used as a proxy for co-located fine ash in order to track dispersed volcanic clouds for 
a longer time [Carn et al., 2009; Thomas and Prata, 2011].  Satellite SO2 
observations in conjunction with backward trajectory analyses were used to estimate 
volcanic source terms: eruption duration, SO2 emission flux and injection vertical 
profile [Hughes et al., 2012].  These source terms were used to model the transport of 
the volcanic emissions with the global Eulerian NASA Goddard Earth Observing 
System Version 5 (GEOS-5) Earth system model, accounting for the sulfur chemistry 
and aerosol physical – chemical processes with the coupled online Goddard 
Chemistry Aerosol and Radiation (GOCART) model [Chin et al., 2000; Colarco et 
al., 2010 and references within].  Initial forecasts of the SO2 and sulfate aerosols 
dispersion from this eruption used an injection height estimate derived from a back-
trajectory analysis based on OMPS daily two-dimensional (2D) total column SO2 
observations.  The results from these simulations differed substantially from the 
observed transport of the volcanic SO2 cloud on subsequent days. CATS observations 
clearly showed that the actual altitude of the volcanic cloud was higher than what was 
initially estimated.  Here we demonstrate how volcanic aerosol heights measured by 
CATS are used to correct the injection altitude for a volcanic SO2 cloud, resulting in a 
drastic improvement in the cloud long-term dispersion forecast.  
   To keep this analysis in the scope of aviation hazards mitigation, only 
observations from the first 48 hours after the eruption, no later than December 4th 




the accuracy of the model simulations.  The results of this study were previously 
published in Hughes et al. [2016]. 
 
5.2 The Eruption of Mt. Etna 
 
On December 3rd 2015, Mt. Etna began an explosive eruption at ~2:00 UTC, which 
lasted for approximately 3 hours, injecting large volcanic ash, sulfate, and SO2 
plumes in the upper troposphere.  The eruption timing was estimated using 
geostationary Meteosat-10/SEVIRI RGB Dust and Airmass observations [Lensky and 
Rosenfeld, 2008; Smiljanic et al., 2015].  An analysis of this SEVIRI imagery 
suggests that some ice may have been formed in the early stages of the volcanic 
cloud, but by 9:00 UTC the cloud was mostly SO2 composed [Smiljanic et al. 2015].  
After the eruption, upper tropospheric winds advected the volcanic SO2 and 
secondary sulfate plume to the east, creating a large, fast moving volcanic cloud.  
Visible imagery on Dec 3rd shows the volcanic cloud with both a darkish brown color 
(ash) and a white cloud (ash, sulfate, or ice), as seen from satellite instruments: 
Terra/MODIS (09:05 UTC), S-NPP/VIIRS (11:05 UTC), and Aqua/MODIS (12:35 
UTC).  These successive observations appear to show the darker cloud (ash) splitting 
off of the whiter cloud.  This imagery can be viewed using the NASA worldview 
website: https://worldview.earthdata.nasa.gov.  On December 4th, polar orbiting 
satellite instruments typically used to observe volcanic ash and SO2 were only 
detecting SO2 in the volcanic cloud.  Neither IR or UV instruments saw any clear ash 




Support to Aviation Control Service website (SACS, http://sacs.aeronomie.be) 
[Brenot et al. 2014]. 
 The lack of observable ash in observations after December 3rd suggests that 
the volcanic ash fell out of this cloud within 1 day, and thus ash was not included in 
the model simulations.  
 
5.3 Observed SO2 Transport 
 
The first OMPS observation of the Etna SO2 cloud occurred approximately at 11:05 
UTC on December 3rd, roughly 9 hours after the start of the eruption, estimating total 
SO2 mass ~30 kt.  On a global scale, eruptions producing SO2 clouds of this 
magnitude are not uncommon.  SO2 clouds of this magnitude tend to be observable by 
satellites for several days, before dispersive and chemical conversion processes 
reduce the SO2 column amount to below the satellite detection limit (~0.1 - 0.3 DU 
[Li et al., 2016] ).  
 As the SO2 cloud travelled eastward, it began shearing horizontally; parts of 
the cloud move to the east much more quickly than others.  By December 4th, the SO2 
cloud spanned in longitude from 25E to 50E (Figure 5.1A).  Continued transport on 
successive days further stretched the volcanic plume into a filament like structure and 






Figure 5.1 Observations of the Etna SO2 plume.  A map of the total column SO2 
from OMPS on December 4th is shown in (A).  CATS Attenuated Total Backscatter 
(ATB) profiles at 1064nm are shown in (B) and (C).  The track of the profiles (B) 
and (C) are plotted on (A), as labeled.  An asterisk (*) is used to denote CATS 
nighttime observations.     
 
5.4 CATS Observed Volcanic Plume Vertical Distributions 
 
The CATS lidar has been operating on the International Space Station (ISS) 
since early 2015, providing vertical profiles of clouds and aerosols at 532 and 1064 
nm wavelengths [McGill et al., 2015]. CATS is an ideal tool for measuring the 
vertical extent of volcanic plumes for several reasons. CATS can detect top and base 
altitudes of atmospheric aerosol layers as high as 28.0 km, which is the upper limit of 
the instrument’s data acquisition region. Spherical particles, such as sulfate, can be 




CATS depolarization measurements. Finally, CATS sensitivity to optically thin 
aerosol layers (1064 nm attenuated total backscatter as low as 5.0*10-5 km–1sr–1) 
enables detection of weakly scattering volcanic plumes in the upper troposphere and 
lower stratosphere [Yorks et al., 2016]. The ISS orbital path restricts CATS to 
observing volcanic eruptions that occur in the mid-latitudes and tropics, but provides 
more frequent sampling in these regions.  For example, CATS will, on average, re-
sample the same geographic point every 3-days, compared to an average 16-day 
repeat cycle for the polar orbiting CALIPSO/CALIOP [Winker et al., 2009].  More 
frequent regional sampling increases the likelihood that the CATS lidar will intercept 
dispersing volcanic clouds in the mid-latitudes and tropics.  Considering the 3-day 
repeat cycle for CATS and the dispersion of advected volcanic clouds, it is reasonable 
to expect CATS to intercept volcanic clouds within 1-2 days of the initial eruption.  
 In this analysis, CATS attenuated total backscatter observations of the 
volcanic aerosol layers are compared to coincident OMPS total vertical column SO2 
observations.  The attenuated total backscatter (ATB or β’), with units of km –1 sr –1, 
is the primary parameter of the CATS L1B data product. The attenuated total 
backscatter is the sum of the parallel and perpendicular polarization components.  It 
should be noted that OMPS UV makes daytime only observations, while CATS 
makes both day and night observations; so not all CATS observations of the volcanic 
plume are coincident with OMPS observations. 
In Figure 5.1 (B and C), the CATS 1064 nm Attenuated Total Backscatter 
(ATB) profiles show faint, but distinct, scattering layers in the height range of 11.5 -




all observations. The coincidence of the CATS observations with the OMPS SO2 
observations (Figure 5.1A) and low 1064 nm depolarization ratios (< 0.10) suggest 
that the scattering layers observed by CATS are due to scattering by spherical 
secondary volcanic sulfate aerosols (with some non-spherical ash particles possibly 
present), and not ice crystals.  
 
5.5 Trajectory Estimated Volcanic Plume Vertical Distribution 
 
Prior to satellite lidar observations of volcanic plume heights, the plume 
altitudes were estimated from the analysis of the observed transport [Allen et al., 
1999; Eckhert et al., 2008; Krotkov et al., 2010; Hughes et al., 2012].  In this study, 
the initial injection altitude of the volcanic plume was estimated from the Hughes et 
al. [2012] approach, using vertical stacks of trajectories initialized at the OMPS 2D 
SO2 observations of the SO2 columns of at least .5 DU on December 4th 2015 (orbits 
21253 and 21254), as shown in Figure 5.1A.  The trajectories are driven backwards in 
time, to the Etna volcano location, using the NASA GSFC Trajectory Model 
[Schoeberl and Sparling, 1995] and driven by the NCEP GFS Operational 1ox1o 
meteorology [NCEP, 2003].  Selecting those trajectories that arrive sufficiently close 
to the volcano, within 100 km, on the morning of the eruption yields an ensemble of 
all possible air parcel trajectories.  A Probability Distribution Function (PDF) derived 
from this ensemble of possible trajectories provides an estimate of the eruptions 
injection altitude time-series [Hughes et al., 2012].  The duration of the Etna eruption 




to yield a single height distribution, used as an eruption source term for the global 
Eulerian GEOS-5 model.   
 The PDF of the volcanic trajectory ensemble, with respect to the altitude at the 
volcano, is shown in figure 5.2A.  The PDF of arrival heights suggests that the most 
likely initial altitude range of the emissions is between 7-12 km, with a minimum 
likelihood across this range at 8-9km. The CATS observations from December 4th, 
shown in Figures 1B and 1C, are expressed as height distributions in Figure 5.2B.  
The CATS height distributions represent the fraction of observations, per layer, where 
ATB is greater than a minimum threshold value to indicate aerosol scattering, in this 
case .0006 km–1sr–1. The background noise across orbits varies, so the CATS height 
distributions are normalized by the total number of observations in an orbital segment 
that meet this condition.  The CATS heights distributions are only performed on the 
narrow sections of the orbit were the volcanic cloud was observed, as shown in 
Figures 1 B and C.  Figure 5.2B shows that the volcanic cloud was observed between 





Figure 5.2  Altitude Observations and Estimates of the Etna SO2 and sulfate 
aerosol cloud.  An emission altitude Probability Distribution Function (PDF) 
based on back trajectories is shown in (A).  In (B), the layer fraction of ATB 
observations above .0006 km–1sr–1 is shown for CATS observations.  The CATS 
observations in (B) are from 12/04/2015 – 15:44 UTC (green), as shown in Figure 
5.1B, and from 12/04/2015 – 22:16 UTC (blue), as shown in Figure 5.1C.  A 
similar plot of CATS observations is shown in (C), for the observations on 
12/5/2015 – 18:16 UTC (blue) and 12/5/2015 – 19:50 UTC (green).  Also plotted 
in (C) in the vertical distribution of the GEOS-5 SO2 mass at 12/5/2015 at 6:00 
UTC, which represents the spatially integrated mass across the cloud advection 
region: latitude [30N,50N] and longitude [10E,100E].  This region is shown in 
Figure 5.3 (B) and (C).  The trajectory simulation is shown in dashed red and the 






5.6 Modeling the Transport of Volcanic SO2 Cloud in GEOS-
5/GOCART 
 
The transport of the volcanic plume was modeled using GEOS-5 [Suarez et 
al., 2008].   In these simulations, the GEOS-5 model with GOCART aerosol 
processes is used on-line to model volcanic SO2 and sulfate aerosol chemistry 
[Colarco et al., 2010].  Similar to the setup used in Chapter 3, GEOS-5 is run on a 
cube-shpere grid at c180 horizontal resolution (~ 0.5ox0.5o) and with 72 vertical 
levels, with model data sampled at 3-hour intervals (00z, 03z, 06z … 21z).  
The timing of the eruption was estimated from geostationary satellite 
observations as a 3 hour-long injection started at 02:00UTC on December 3rd. The 
flux rate 8.33x103 kg SO2/s was assumed constant over the eruption period, and 
computed from the total emitted SO2 mass ~30 kt, as observed by OMPS.  The 
altitude of the emissions was varied, depending on the source of the height 
information.  One simulation used the injection height range given by the trajectory 
estimate, and another simulation used an injection height range based on the height 
ranges observed by CATS on December 4th.  The height range is used to assign the 
top and bottom of the SO2 injection into the GEOS-5 model vertical layers; the flux 
was evenly vertically distributed between these layers.   
 In general, the downstream CATS observed heights would not necessarily be 
the same as the source injection heights.  To check the relationship between the 
downstream observed heights and the initial injection heights, simulations at varying 




the 11.5 – 13.5 km initialization reconstructed the downstream 11.5 – 13.5 km CATS 
observations, i.e., that the source height and the downstream height were the same. 
 
5.7  Discussion 
 
Two model simulations were generated for this analysis: one assuming an 
initial plume height of 7-12 km based on the trajectory height estimate (trajectory 
simulation) and another assuming 11.5-13.5 km based on CATS height observations 
(CATS simulation).  The goal of this comparison is to demonstrate that the altitude 
information provided by CATS results in a significant improvement in the model 







Figure 5.3 Comparison of GEOS-5 SO2 to OMPS observations.  A map of the 
OMPS total column SO2 is shown in (A), from observations on 12/5/2015 (07:00 – 
10:23 UTC).  Also shown in (A) are the locations of the December 5th CATS 
observations used in Figure 5.2C, green (C1) and blue (C2). The GEOS-5/GOCART 
SO2 model results for 12/5/2015 – 06:00 UTC are shown in (B) and (C), for the 
trajectory and CATS simulations, respectively.  
 
Figure 5.3 compares the horizontal extent of the SO2 cloud in the GEOS-5 
simulations with the OMPS column SO2 observations.  This figure clearly shows that 
the CATS simulation (Fig. 5.3C) produced a more realistic forecast compared to the 
trajectory simulation (Fig. 5.3B), which pushed the SO2 cloud further to the east and 
too quickly.  In the CATS simulation the SO2 cloud only partially moves toward the 
east, better simulating the filament-like structure observed in the OMPS SO2 




 The vertical structure of the GEOS-5 SO2 simulations is compared to the 
CATS observations in figure 5.2C, which shows the SO2 mass vertical distribution 
integrated over the geographic region shown in figures 3B and 3C.  Figure 5.2C 
shows that the height distribution in the CATS simulation agrees with CATS height 
observations, while the trajectory simulation pushes the total mass much lower then 
what CATS observed on December 5th.  Figure 5.4 shows a more detailed view of the 
vertical structure of the CATS and trajectory GEOS-5 simulations.  In both 
simulations, the eastern edge of the cloud is located at between 10-13km.  However, 
in the CATS simulation the cloud trails to the west at 12-14 km, while in the 
trajectory simulation the cloud trails to the west at lower altitudes of 10-8 km. 
 
 
Figure 5.4 Comparison of GEOS-5/GOCART model SO2 vertical distribution.  
The vertical profiles represent a meridional sum across the latitude bounds [30N, 
50N] on December 5th at 06:00 UTC. The model results in Figure 5.3 (B) and (C) 
are shown here in (A) and (B), respectively.  
 
 Overall, Figures 5.3 and 5.4 show large differences in the horizontal and 
vertical structure between the CATS and trajectory GEOS-5 SO2 simulations. Using 
CATS height information to redefine our source terms in the model has clearly 




observations.  This result also highlights the importance of correctly assessing the 
injection altitude of volcanic plumes in order to construct accurate forecasts of their 
horizontal transport.  To further understand why these simulations produced such 
different results, the meteorological conditions should be considered.  The shearing of 
the volcanic cloud, shown in figure 5.3A, is the result of an eruption that placed the 
volcanic plume partially in the subtropical jet.  The trajectory simulation places the 
volcanic plume partially into the core of the subtropical jet and partially below, 
Figure 5.4A. The CATS observed heights show the plume to be partially within the 
subtropical jet and partially above, as seen in the CATS simulation in Figure 5.4B. 
The inability of the trajectory method to accurately estimate the volcanic plume 
altitude highlights the limitations of transport methods to accurately deduce volcanic 
plume heights.  Transport analyses deduce altitude by contrasting potential transport 
paths, but without distinct contrasts between transport paths, transport analyses will 
have difficultly resolving the correct transport path altitude.  In the case of the Mt. 
Etna eruption, the trajectories deduced a shearing mechanism, but not the correct one, 
and ultimately the wrong injection altitude. 
 
5.8 Conclusions and Outlook 
 
In the context of aviation hazards mitigation, forecasting the transport of 
volcanic plumes via the subtropical jet is crucial. The increased wind speeds in jet 
stream are routinely used to speed up aviation travel at a reduced fuel cost [Houghton, 
1998].  The eruption of volcanic clouds into jet streams creates a direct aviation 




rapidly advect volcanic clouds across long distances, producing aviation hazards in 
regions that may be very far from the volcanic eruption.  As this paper has 
demonstrated, modeling the transport of volcanic plumes that have been partially 
injected into the subtropical jet can be difficult.  Transport analysis can yield 
unreliable results.   
It has been demonstrated that direct height observations from space-based 
LIDAR instruments, like CATS, can greatly improve the accuracy of model 
simulations.  This study focused on a volcanic SO2 cloud that was mostly devoid of 
volcanic ash.  While volcanic ash is the primary concern for aviation, tracking SO2 
clouds has been shown beneficial for tracking volcanic ash [Thomas and Prata, 
2011].  This type of analysis could similarly be applied to volcanic ash clouds, as 
CATS observations would also provide accurate ash cloud height.  Modeling volcanic 
ash clouds is typically more complicated then volcanic SO2 clouds, since the ash 
particle density and size distributions must be estimated or assumed.   However, 
research by Miffre et al. [2012] has demonstrated that ground-based UV lidar 
depolarization observations can provide altitude-resolved ash particle number 
concentrations, which provides a similar means of using lidar observations to 
constrain volcanic clouds simulations.    
In this case study, CATS day and night observations were able to detect 
scattering in the aerosol plume down to .0006 km-1.sr-1, approximately 0.02 AOD.  
Multiple CATS observations demonstrated that the altitude range of the volcanic 
aerosol cloud was higher than estimated by trajectories.  The CATS observed height 




improved accordingly.  As noted previously, assuming that the downwind observed 
volcanic cloud height is the same as the initial injection height is not necessarily 
valid. It is important to check the relationship between downstream altitude and the 
injection altitude, which can be done nudging the injection altitude in the model.  
Another important aspect to keep in mind is that lidar observations, like CATS, only 
show a narrow picture of part of a volcanic cloud. Lidar profiles can observe different 
height distributions for the same volcanic cloud, as shown in Figure 5.2b, since 
different parts of a volcanic cloud can be at different altitudes.   Hence, it is important 
to have multiple height observations of a volcanic cloud in order to confidently assess 
its height range.  Taking advantage of both ground and satellite based lidar 
observations could potentially provide ample coverage of a volcanic clouds height 
distribution, but these observations are required in near real time to adjust the model 
in a timely manner.  The CATS near real-time processing and data products provide 
timely injection height information to improve current volcanic cloud forecasting 
capabilities. 
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Chapter 6:  Concluding Remarks and a Look Ahead 
My research has focused on three distinct aspects volcanic plumes and clouds: 
transport modeling, observations, and source term analysis.  An overview of these 
research areas is detailed in Chapter 2.  An overarching theme of my research has 
been the collective use of these tools to construct accurate forecasts of volcanic ash 
and SO2 clouds.  This approach is not exclusive to my research, but my results 
highlight the importance of their cooperative use.  For example, when modeling the 
ash clouds from the April 14th 2010 eruption of Eyjafjallajökull, radar observations of 
the plume top were frequently used to define the ash cloud emission source terms.  
Through my research, I found that using radar observations alone to construct the ash 
cloud emission source terms can be misleading and lead to inaccurate volcanic ash 
forecasts.  Using a backward trajectory analysis, I related information from satellite 
observations of the ash cloud’s downwind location to radar observations of the initial 
ash plume top altitude.  By doing this, I showed inconsistences between these two 
observations and then refined the emission source terms to produce a more accurate 
simulation of the volcanic ash cloud.  Conversely, a study of the Etna eruption 
showed that estimating source terms from backward trajectory analyses alone can 
also yield inaccurate forecasts.  Altitude observations from CATS provided additional 
information to correct the backward trajectory height estimates.  When taken 
together, the results of the Etna and Eyjafjallajökull case studies highlight the 
importance of using different kinds of observational data to estimate volcanic ash and 




backward trajectory analyses can be used to derive emission source terms that are 
comparable.  
I frequently used UV observations from instruments like OMI and OMPS in 
my research. I constructed an OSSE to evaluate the OMPS SO2 retrieval in order to 
gain better insight into the accuracy and limitations of this type of observation.  This 
study found that OMPS SO2 retrieval generally yields accurate results, but also 
detailed specific conditions such as optical opacity where volcanic aerosols can cause 
the retrieval to underestimate the SO2 total column density. 
Through my research, I sought to answer scientific questions and produce 
results that could be applied to further benefit society.  In the following sections, I 
revisit the main scientific questions of my research and detail how my results 
contribution to their answers.  This is followed by a brief description of two case 
studies that highlight the future directions of my research.  In one case study I show 
how the ash forecasts from the Eyjafjallajökull were integrated into aviation air traffic 
management systems, demonstrating a direct societal benefit. Another case study 
looks at the potential of the OMPS Limb profiler to provide valuable altitude 
observations of volcanic aerosol layers. 
 
6.1 Research Goals Revisited 
 
In this beginning of this dissertation, I noted three questions that I sought to 
address throughout the course of my research.  Here, I revisit these questions and 





1. How well can we forecast the transport of volcanic ash and SO2 clouds? 
It is difficult to directly quantify how well volcanic ash and SO2 clouds can be 
forecasted.  For instance, the same backward trajectory analyses that helped me 
improve forecasts of the Eyjafjallajökull ash clouds lead to inaccurate SO2 cloud 
forecasts for the Mt. Etna case study.  Sometimes different types of observations will 
incur more uncertainty than others, so relying too heavily on any particular 
observation can lead to more or less accurate forecasts.  That said, perhaps this 
question is too broad. I think my results can answer a more specific and perhaps more 
important question: namely, are current capabilities able to produce quantitative 
forecasts of volcanic ash accurate enough for aviation safety?  My results suggest 
that both ash and SO2 forecasts are sensitive to the observations used to estimate the 
emission source terms, and thus, do not provide the aviation industry enough 
accuracy to navigate airplanes through low versus high concentrations of volcanic 
ash.  However, this level of forecast accuracy is needed by the aviation community in 
order to safely reduce the disruption ash clouds pose on air travel.  In Section 6.2.1, I 
explore the application of our current ash forecasting capability for aviation hazards 
mitigation, with the understanding that current accuracy requirements are still not 
met. 
 
2. What are the biases and limitations of volcanic cloud observations?  What 
assumptions are being made? 
The research I have presented in this dissertation evaluates the biases and limitations 




demonstrated that radar observations of volcanic plume top altitudes do not 
necessarily describe emissions of fine ash within the volcanic plume, despite the 
numerous studies that have assumed the contrary. The OMPS OSSE study showed 
that sulfate aerosols and ash cause the OMPS SO2 retrieval to underestimate the SO2 
total column density.  The effects were shown to increase with increasing total 
column density, and increasing satellite viewing angle. 
 
3. How do we relate observations of volcanic clouds to transport models?   
I used several different types of observations throughout this dissertation and related 
them to transport models, to either initialize or correct model simulations.  In most 
cases, the observations were used to constrain the emission source terms that define 
the initial state of the ash and SO2 clouds with the transport model.  Backward 
trajectory analyses were used to estimate emission source terms from SO2 total 
column density maps, while radar observations were used as a direct estimate of the 
emissions source terms.  The emission source terms ultimately served as the interface 
between the model and the observations, where source terms estimated from different 
observation sources could be evaluated.  The source term accuracy was evaluated 
based on the accuracy of the model simulations they produced. This form of analysis 
was used to evaluate the accuracy and influence of the radar plume top height 




6.2 Future Directions 
 
6.2.1 Volcanic Ash Forecasts in Decision Support Systems 
 
 
In Chapter 3, a volcanic ash module was developed to forecast ash clouds 
from the 2010 eruption of Eyjafjallajökull. In the future, the 4D ash mass 
concentration forecasts it produces could provide VAACs, air traffic managers, and 
aircraft operators with timely and accurate information on volcanic ash hazards. 
Volcanic ash status and forecasts can then be translated into disruptive effects on 
planned aviation operations and potential mitigation strategies. Integration of volcanic 
ash forecasts into air traffic management tools will allow aviation stakeholders to 
reschedule operations in an efficient manner, thereby realizing full benefit of volcanic 
ash forecasts. 
As an extension of the Eyjafjallajökull case study from Chapter 3, I provided 
3D aerosol and wind fields from a GEOS-5 simulation of the 2010 eruption of 
Eyjafjallajökull to Metron Aviation for an impact assessment and integration into 
their route optimization algorithms. The 3D winds aloft data were also incorporated 
by Metron Aviation in computing wind optimized trajectories that avoid user-defined 
ash concentrations. Figure 6.1 shows the current prototype Decision Support System 
(DSS) tool, called Weather Impact Dynamic Evaluator (WIDE).  WIDE was used to 
compute alternate flight routes in the wake of volcanic ash clouds and calculated the 
additional flight time imposed by taking these alternate routes.  The WIDE DSS also 




deviations occurring across all flight paths.  Results from this collaborative case study 





Figure 6.1 Volcanic ash in air traffic management systems. Metron Aviation 
prototype display DSS (WIDE) with NASA GEOS-5 4D winds and VA 




6.2.2 OMPS Limb Profiler 
 
 OMPS SO2 and Aerosol Index nadir observations are frequently used to 
observe volcanic clouds, but the near-coincident OMPS Limb Profiler (LP) aerosol 
observations have not yet been explored for use in observing and modeling volcanic 
cloud altitudes.  Profiles of the Aerosols Scattering Index (ASI, a log ratio of the 
observed reflectance to the Rayleigh-only modeled reflectance) are retrieved from 
B. Impact grouping
C. Impact chart




OMPS LP observations.  The ASI indicates the presence of aerosols in the 
atmosphere but what the magnitude of the ASI indicates is unclear and can be 
influenced by several quantities (aerosol altitude, species, concentration, etc.), making 
it difficult to distinguish volcanic aerosols from tropospheric clouds and stratospheric 
aerosol layers.  Observations of the ASI from the 2015 eruption of Calbuco (see 
Figure 2.6) did show the potential for OMPS LP observations to locate volcanic 
aerosol layers, but it was still difficult to distinguish volcanic aerosol layers from 
background aerosol layers and tropospheric clouds.  An experimental OMPS LP 
retrieval was used to generate aerosol extinction profiles at 674nm, providing a 
cleaner picture of the atmospheric aerosol layers. 
 Using the 2015 eruption of the Chilean Calbuco volcano as a case study, 
aerosol extinction profiles from OMPS LP were compared to GEOS-5/GOCART 
model simulations of the eruption’s volcanic ash and SO2 clouds.  It was found that 
OMPS LP made frequent distinct observations of the volcanic cloud, shown in Figure 
6.2.  The OMPS LP observations also provided verification of the altitude of the 
modeled volcanic emissions. The importance of this case study focused on the 
potential application of OMPS LP observations to monitor and constrain model 
simulations of volcanic clouds.  OMPS LP produces large numbers of observations of 
aerosol profiles that can provide valuable information about the altitude of volcanic 
clouds.  The case study was documented and visualized as part of a collaboration with 
the NASA GSFC Science Visualization Studio.  The full set of visualizations for this 






Figure 6.2 The model of the 2015 Calbuco volcanic ash and SO2 cloud 4D 
structure was verified with the OMPS Nadir and Limb Profile measurements.  
To view the full visualization, visit http://svs.gsfc.nasa.gov/12221 
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